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Abstract
Background: Women in sub-Saharan Africa carry a disproportionate burden and risk of HIV. In this
context, women at high HIV risk are not a discrete group, rather on a spectrum of risk caused by a
multitude of behavioural, economic, structural, cultural and geographic factors. Pre-exposure
prophylaxis (PrEP) is a promising new HIV prevention method, effective at reducing HIV risk when
adhered to. However, the results of PrEP trials and implementation studies to date reveal challenges
in women’s programme retention and drug adherence. There are also concerns that behavioural
disinhibition (reductions in condom use) following the introduction of PrEP may further limit its
ability to avert infections. In the context of HIV resource limitations and decreasing donor budgets,
this thesis seeks to use mathematical modelling to assess strategies for PrEP scale-up for women
across a spectrum of risk in sub-Saharan Africa, accounting for heterogeneities in HIV risk factors and
PrEP programme outcomes. Considering the challenges faced by policy makers in using
mathematical models to guide decision making, often considered to be complex ‘black boxes’, this
thesis also sets out to assess the contexts in which simple models are sufficient to guide policy
making around the introduction of a new HIV prevention intervention.
Methods: This thesis adopts mathematical modelling approaches to inform HIV policy making. First,
a simple static model of HIV risk to female sex workers is developed and used to assess the impact of
behavioural disinhibition on PrEP’s ability to avert HIV infections. The static model formulation is
then evolved to incorporate dynamic effects to account for the downstream effects of population
interactions. The models account for heterogeneities in women’s HIV risk factors and PrEP
programme outcomes, and the low levels of PrEP programme retention and adherence reported in
studies. The outcomes of the static and dynamic model formulation are compared over different
time horizons and epidemic contexts, to contribute to understanding around the importance of
modelling complexity to inform HIV policy. Finally, the static model is refined to represent women
across a more broadly defined spectrum of risk: women 15-24 years, 25-34 years, 35-49 years and
female sex workers. The models are parameterised to case study countries spanning a range of high
HIV burden contexts in sub-Saharan Africa: South Africa, Zimbabwe and Kenya, and used to assess
strategies for PrEP scale-up in each country, considering cost-effectiveness and population-level
impact.
Conclusions: PrEP is likely to be of benefit in reducing HIV risk in women across a spectrum of HIVrisk in sub-Saharan Africa, even if reductions in condom use occur. PrEP will be most cost-effective
for individuals at great HIV risk, such as female sex workers. However, PrEP has potential to
significantly reduce the number of new infections at population-level if made widely available
3

beyond those at highest individual risk, including to women in the general population. Strategies for
PrEP scale-up will need to weigh the potential cost-effectiveness and population-level impact of PrEP
with the potential for PrEP integration into a wide range of national services and at community level,
in order to significantly bring down the costs and improve cost-effectiveness in resource-constrained
environments.
Static models can be sufficiently robust to inform policy making around the introduction of new HIV
prevention interventions in high HIV-burden settings over short-medium time horizon of up to 5
years, where underlying HIV epidemics have reached equilibrium. Over longer timeframes, and in
contexts where the underlying HIV epidemics are still evolving (other than over short time horizons
of less than a year), static models may under-emphasize situations of programmatic importance and
dynamic models will be more appropriate to guide decision making.
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Preface: Motivation for PhD

Observed challenges in use of modelling to inform policy making in global public health
For the last 12 years I have worked in policy making at national and international levels in public
health and development, with a particular focus on HIV. Having come originally from an educational
background in mathematical modelling, I have always taken a particular interest in how policy
makers perceive, use and trust mathematical models.
I have witnessed or been part of processes to adopt mathematical models to inform resource
allocation at national and international levels, to inform the global advocacy and resource
mobilization agenda, national and global target setting, to set global-level key performance
indicators, and to inform normative guidance around the adoption of policy directions and technical
norms. Throughout these processes, a number of mathematical models have had tremendous
influence on decision making, the allocation of resources and ultimately public health outcomes
across the world. It has been my experience that the policy makers who are relying on the outcomes
of these models are rarely able to fully engage with or interrogate the models to determine the
extent to which they are appropriate to inform their decision making. I have often heard models
typified as ‘black box’ processes, with policy makers challenged to assess the appropriateness of the
model, its inputs, and uncertainty around communicated results or implications.
In undertaking a PhD, it was therefore a keen interest of mine to explore the use of mathematical
modelling to inform policy making; in particular, elements of model complexity and their importance
in informing decision making in HIV.

Motivations for focus on HIV prevention in high-risk women in sub-Saharan Africa
With the highest burden of HIV in the world, sub-Saharan Africa is central to the global HIV
response. In this region, women face the highest burden of HIV, driven by a complex combination of
biological, epidemiological, cultural and structural factors. These cultural, epidemiological and
structural drivers of HIV differ tremendously by locality and cultural context. It is impossible not to
be touched by the challenges faced by women across the region, including in many cases, not having
full agency to control their HIV status. Focusing on ways to prevent HIV for women across a
spectrum of risk in sub-Saharan Africa was a driving factor in my decision to undertake a PhD.
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Thesis Structure
This thesis is divided into six chapters: Background, Methods, Research Papers 1, 2 and 3, and
Discussion.
The Background chapter consists of four parts: 1) epidemiological and policy background on HIV in
women in sub-Saharan Africa; 2) an overview of PrEP, including open policy questions in relation to
PrEP for high-risk women in sub-Saharan Africa; 3) an overview of the use of mathematical
modelling to inform HIV policy making, including outstanding challenges; and 4) PhD aim and
objectives. The aim and objectives of this PhD are:
Aim: to use mathematical modelling to inform policy making around the scale-up of PrEP for women
across a spectrum of high HIV risk in sub-Saharan Africa, accounting for heterogeneities in HIV risk
factors and potential PrEP programme outcomes
Objectives:
1. To assess the potential effectiveness of PrEP in reducing HIV infections among high-risk women
in sub-Saharan Africa
2. To explore the extent to which behavioural disinhibition may outweigh the potential benefits of
PrEP
3. To assess the robustness of conclusions made on the basis of static modelling techniques to
incorporation of dynamic effects, to contribute to understanding around the importance of
modelling complexity to inform HIV policy making
4. To explore strategies for the scale-up of PrEP across high-risk women at population-level,
weighing considerations around HIV infection reduction and cost-effectiveness
5. To evaluate strategies for PrEP scale-up in more than one country setting in sub-Saharan Africa,
to explore how the approach to PrEP scale-up may differ by epidemic and implementation
context
The Methods chapter gives an overview of the methodological approaches used in the three
research chapters, describing how they build upon each other. Each research chapter is proceeded
by a brief introduction, noting the PhD objectives that the research seeks to address, and followed
by a short summary of the implications of the research.
Research Paper 1 explores the extent to which behavioural disinhibition may outweigh the potential
HIV risk reduction benefits of PrEP for high-risk women, considering a spectrum of baseline condom
7

consistencies and levels of HIV risk reduction achieved on PrEP. It is applied to the high HIV risk
population of female sex workers, in the high HIV risk setting of inner-city Johannesburg, South
Africa. The analysis is undertaken using a simple static Bernoulli formulation of HIV risk.
Research Paper 2 assesses the extent to which the conclusions of Research Paper 1 hold, when the
dynamics of population interactions are accounted for through the incorporation of dynamic
modelling effects. The outcomes of the two models are compared over different time horizons of 3
months to 20 years, and applied to different epidemic contexts.
Research Paper 3 explores strategies for PrEP scale-up among groups of women at high HIV risk,
weighing cost-effectiveness on an individual basis with potential population-level impact. The
analysis is applied to three settings, spanning a range high HIV burden sub-Saharan African contexts:
Kenya, Zimbabwe and South Africa, and to four broadly-defined female population groups at risk of
HIV in these settings: female sex workers, adolescent girls and young women aged 15-24 years;
women aged 25-34 years; and women aged 35-49 years.
The Discussion chapter is divided into six parts: 1) main findings; 2) contributions of the thesis; 3)
limitations; 4) key area not addressed through research; 5) areas for further research; and 6)
conclusions.
There are five appendices to the thesis. Appendix 1 is a table of ongoing, planned and completed
PrEP open-label extension, demonstration and implementation projects among women in subSaharan Africa. Appendices 2-4 are the Supplementary Materials to Research Papers 1-3, and
Appendix 5 is recent commentary on risk compensation, to which I contributed.
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Chapter 1
1. Background
This chapter sets out background to the use of mathematical modelling to inform policy making
around the scale-up of PrEP for HIV prevention in high-risk women in sub-Saharan Africa in four
sections:
Section 1.1 gives background on the HIV epidemic in sub-Saharan Africa, the particular HIV
prevention needs among women, and relevant aspects of the policy and development landscape;
Section 1.2 sets out an introduction to PrEP as an emerging HIV prevention tool, and the open policy
questions in relation to its use by women across a spectrum of HIV risk in sub-Saharan Africa;
Section 1.3 describes the use of mathematical modelling in HIV policy making, key considerations
around model choice, and the outstanding challenges with the use of models for policy making;
Section 1.4 gives a summary of the open policy questions around PrEP for high-risk women in subSaharan Africa and around the use of modelling to inform HIV policy making, followed by the aims
and objectives of the PhD.

1.1 Epidemiologic and Policy background: HIV in women in sub-Saharan Africa
1.1.1

Overview of the HIV epidemic in sub-Saharan Africa

Since the introduction of the human immunodeficiency virus (HIV) to humans most likely in 1920s
Kinshasa, Democratic Republic of Congo1, the virus has spread differentially across regions of the
world, influenced by dominant modes of transmission, biological, virological, cultural, political and
structural factors2,3. Sub-Saharan Africa (SSA) has been the region hardest hit, with more 65% new
infections and almost 70% of all people living with HIV4. Eastern and southern Africa is the subregion most affected, with 20.4 million people living with HIV compared to 5.0 million in west and
central Africa, and 800,000 compared to 280,000 new infections in 20184. In SSA 59% all new adult
infections (aged 15 years and older) are among women5. The distribution of new HIV infections by
population group in 2018 in west and central Africa and eastern and southern Africa is set out below
in Figure 1.
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Figure 1: Distribution of new HIV infections by population group.
Reproduced from UNAIDS, 20194.

1.1.2

Higher HIV risk among women in sub-Saharan Africa

Women in sub-Saharan Africa are at greater HIV risk than men for a number reasons spanning
physiological, structural, behavioural, economic and cultural factors5. HIV risk, as estimated through
mathematical models, depends on a number of factors, including the basic risk of HIV transmission
(e.g. from a male to a female through penile-vaginal intercourse); the likelihood that sexual partners
are HIV positive; the infectiousness of HIV positive partners (determined by stage of infection and
whether they are taking antiretroviral treatment); the presence of sexually transmitted infections in
partnerships; the number of partners, sex acts and frequency of partner change; and the effective
use of HIV prevention measures such as condoms or male circumcision6,7. This section focuses on the
factors that give rise to comparatively higher HIV risk among women in sub-Saharan Africa.
In regions, such as sub-Saharan Africa, where heterosexual sex is the main route of HIV transmission,
women are at higher physiological HIV risk than men per sex act, for reasons including differences in
the mucosal immunology of women’s and men’s genitalia8,9 and that women have a greater mucosal
surface area at risk of injury during sexual intercourse10. The basic risk of HIV transmission per
penile-vaginal sex act is estimated to be approximately twice that for women (8 per 10,000
exposures, 95% confidence interval (CI) 6-11 per 10,000) than men (4 per 10,000 exposures, 95% CI
1-14 per 10,000)11, although there remains uncertainty in these estimates11,9.
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In sub-Saharan Africa, younger women are more likely than younger men to be in age-disparate
relationships, with, for example, 17% and 14% of women 15-19 years reporting relationships with
men at least 10 years older in Zimbabwe12 and Kenya13 respectively, and 36% South African women
15-19 years reporting relationships with men at least 5 years older.14 Given that HIV prevalence
peaks later in men than women across the region15, older men are more likely to be HIV positive
than younger men, increasing the likelihood of HIV transmission to younger women through agedisparate relationships. Indeed, across sub-Saharan Africa, adolescent girls and young women aged
15-24 years are at 2.4 times the risk of HIV than males the same age4. Graphs demonstrating the
earlier adult (15-49 years) HIV prevalence peak in women and later peak in men in two countries in
sub-Saharan Africa, eSwatini and Malawi, are shown in Figure 2.

Figure 2: HIV prevalence for adults 15-49 years by 5-year age group and sex, for eSwatini 2016-2017 (left) and Malawi
2015-2016 (right).
Source: PHIA final reports, eSwatini 201916 and Malawi 201817. Error bars represent 95% confidence intervals.

Whilst sexually transmitted infection (STI) levels are heterogenous across sub-Saharan Africa (and
much of the available data dated), STI levels remain high among many populations18. For example,
prevalence of herpes simplex virus type 2 (HSV2) among 15-24 years olds is estimated to be between
33.7% and 78.6% across southern and eastern Africa clinic and community settings19, and syphilis
levels of 23% have been reported among sex workers in Zambia20. STIs, especially those that are
ulcerative, may increase HIV transmission9,21 by a cofactor of up to 6 (depending on the STI)22,
exacerbating underlying risks.
Sub-Saharan Africa is vast heterogenous region made up of a multitude of cultural contexts and
norms23. Nonetheless, patriarchy remains the dominant force in a number of cultures across the
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region10. This affects women’s ability to choose their sexual partners, and when they have sex, their
ability to protect themselves during intercourse, as well as acceptability around multiple concurrent
sexual partners for men10. Where concurrency results in networks of sexual partners, HIV infection,
especially in early highly viraemic stages, can be readily transmitted throughout the network of
sexual partners24.
Cultural norms that negatively affect women’s agency over sex vary by culture and context. These
range from wife inheritance among certain communities in Zimbabwe, Malawi, Zambia, Namibia and
Uganda, to widow cleansing (through unprotected sex with a man chosen by community elders)
among certain communities in Kenya, Malawi, Zambia and Bostwana25. Female economic
disempowerment is a major structural driver of increased HIV risk for women, arising for reasons
including lack of ability to complete education and obtain gainful employment26 and land
disinheritance laws25. Economic disempowerment is associated with earlier sexual debut, having
multiple sexual partners, forced, violent or transactional sex (intercourse in exchange for money,
goods or other material benefit), all of which have been shown to increase HIV transmission10,27–29.
Gender-based violence (GBV), reported by more than half of women in many sub-Saharan African
contexts30,31, is both a driver and consequence of HIV32. GBV increases HIV transmission by affecting
women’s ability to negotiate safe sex, women’s agency in health-seeking behaviours33 and the risk of
physiological trauma through intercourse32. A recent Ugandan study found an increase in the risk of
HIV transmission by up to 55% as a result of GBV34.

1.1.3

Spectrum of HIV risk among women in sub-Saharan Africa

This section focuses on the changing, heterogenous HIV risk factors that mean that women at ‘high
HIV risk’ in sub-Saharan Africa are far from a discrete group, rather on a spectrum of risk defined by
a multitude of factors, spanning behavioural, economic, structural, cultural, age and geography.
To start, HIV incidence among the ‘general population’ (a heterogenous group in itself) reveals
significant differences in HIV risk by age group and sex alone. For example, as shown in in Figure 3
from the recent PHIA studies from eSwatini16 and Malawi17, women 15-24 years and 35-49 years in
eSwatini and women 15-24 years and 25-34 years in Malawi are at considerably higher HIV risk than
their male counterparts of the same age group, as well as compared to the adults 15-49 years
overall.
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Figure 3: Adult HIV incidence, ART-adjusted, by 10-year age group and sex, for eSwatini 2016-2017 (left) and Malawi
2015-2016 (right).
Source: PHIA final reports, eSwatini 201916 and Malawi 201817. Error bars represent 95% confidence intervals.

Since partner HIV prevalence is a predominant driver of HIV, a woman’s HIV risk is likely to be
greater in regions with higher male HIV prevalence (assuming the majority of sexual intercourse is
heterosexual)6,7. At sub-national level, male HIV prevalence is incredibly diverse, as evidenced
through the PHIA studies recently undertaken in the region35. Viral suppression, reducing the
infectiousness of HIV positive males on anti-retroviral treatment to zero36, also varies significantly at
sub-national level and by age-group35,37,38. By way of example, the heterogenous adult (15-49 years)
HIV prevalence at sub-national level for Kenya and South Africa are shown in Figure 4.
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Figure 4: Sub-national HIV prevalence for adults 15-49 years, 2017 for Kenya (left hand side) by county, and South Africa
(right hand side) by province.
Sources: Kenya AIDS Response Progress Report 201839 and Fifth South African National HIV Prevalence, Incidence and
Behaviour and Communication Survey, 201814.

Migration is widespread across parts of the sub-continent. Higher-prevalence male populations may
be resident in or often pass through communities with lower levels of HIV prevalence. This is the
case, for example, on the major highways through sub-Saharan Africa40–42, where truck drivers with
often higher levels of HIV than the communities through which they pass engage in transactional sex
or sex worker on their journeys. Truck drivers passing through depots across the southern corridor
of the Trans-Africa highway were found to have 3 times the national HIV prevalence of men of the
same age group in the domestic population42. Similarly, the risk of HIV transmission to women is
often higher in communities hosting male migrant workers. In the South African communities
hosting Mozambican migrant mine workers, more than 50% miners reported two or more partners
in the last 12 months, 18.5% used a condom at last sexual intercourse, and nearly three quarters of
HIV-positive mine workers were unaware of their HIV status43.
HIV risk is higher among women who engage in transactional sex44,15 (transactional sex describing
the continuum of sexual relationships where there is an implicit or overt exchange of goods, money
or benefits in social status45,29). Transactional sex in the region spans women exchanging sex-for-fish
among fishing communities spanning Namibia to Lake Victoria27, to sex in exchange for school fees
or transport in Soweto, South Africa28. A recent systematic review found prevalence of transactional
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sex of up to 14% among adolescent girls and young women, aged 15-24 years (AGYW), in subSaharan Africa, and up to 30% among women across all age groups, with women who practice
transactional sex between 1.5 and 2 times more likely to be HIV-infected than those who do not29.
Transactional sex has been shown to be associated with gender-based violence, a risk factor for
HIV46.
Female sex workers (FSW) are among women at highest risk of HIV infection in society, at up to 13times the risk of women in the general population across lower- and middle-income countries, and
with vastly elevated levels of STIs47. HIV prevalence among FSW varies by context, ranging from less
than 1% in Comoros48 to 72% in Hillbrow, inner-city Johannesburg49. FSW face risk of HIV acquisition
from each of their partner groups: regular partners (e.g. boyfriends or husbands), to regular and
occasional clients, with often blurred distinctions in between50.
FSW clients often come from groups who have multiple sexual partners and elevated levels of HIV
prevalence compared to men in the general population, such as seasonal agricultural workers, truck
drivers, sailors and men in the military50. FSW may face challenges in negotiating consistent use of
condoms with clients due to power imbalances50 or threat of reduced income, with FSW in some
contexts receiving a quarter of the price for sexual intercourse where condoms are insisted upon51.
FSW may face also pressure from pimps to engage in condomless sex, as documented in Ethiopia52,
as well as barriers to access to condoms, STI treatment and post-rape care (including post-exposure
prophylaxis)50. Police are well-document perpetrators of violence against FSW, rape, extortion
(including demands for sexual intercourse)53,54, especially affecting non-brothel based FSW, without
intermediaries to negotiate for them50.
The regular partners of sex workers may themselves have higher than average prevalence of HIV and
engage in high HIV-risk behaviours50,55,56. Condom use with regular partners, as with regular clients,
is typically very low, as a sign of trust57,58. In one study of boyfriends of FSW in Benin and Guinea,
70% of boyfriends reported having been clients of at least one other FSW59. Several studies postulate
greater likelihood of HIV transmission from regular partners than clients, due to low levels of
condom use with the former50,55.
Sex work is thought to account for greater onwards transmission of HIV in contexts where HIV
epidemics are increasing and the basic reproductive number (number of secondary cases caused by
a primary case) of HIV is high, but less so in stable generalised epidemics when HIV is endemic in
high-burden contexts and some risk factors (such as lack of condom use in transactional and age
discordant relationships) may be higher in the general population60–62.
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In conclusion, HIV risk is neither constant nor homogenous in any one group at any time. The large
number of risk factors contributing to an individual’s HIV risk means that the continuum of risk does
not always place self-identifying sex workers at the highest end and women who consider
themselves to be in the general population at the other. Rather, HIV risk evolves over time according
changes in risk behaviours, population movement, vulnerabilities and structural norms50.

1.1.4

Global health and development landscape for scaling up HIV prevention efforts

Scaling-up HIV prevention for high-risk women in sub-Saharan Africa is recognised as a global
priority, with particular attention given to the needs of adolescent girls and young women63–65.
However, there is limited fiscal space for scaling up resources for HIV prevention among
programmes in sub-Saharan Africa. In spite of the successful 2020-2022 replenishment of the Global
Fund to Fight AIDS, TB and Malaria (the second biggest external funder of HIV programmes in subSaharan Africa)66, external resources for HIV have overall been flatlining over the past years, and
increases in domestic spending on health have not taken place across countries in the region at a
pace needed to meet the needs63,64,67,68. In 2018, for the first time since the year 2000, the total
resources available globally for the HIV response have started to decline4, with the $1.9 billion
available in 2018 less than half the annual amount estimated to be needed to achieve UNAIDS’s
2020 global Fast Track targets (see below for an explanation of these targets)4,69.
Increasing domestic resources for HIV prevention is also challenging in the context of the global
drive for countries to ensure universal health coverage (UHC) - ensuring that all people and
communities have equal access to health services (promotive, preventive, curative, rehabilitative
and palliative), of sufficient quality to improve the health of those receiving the services, and with
the people accessing them protected from financial risk whilst doing so70. Achieving UHC by 2030 is
one of the ten targets under the health-focused sustainable development goal (SGD) 371: Ensure
healthy lives and promote well-being for all at all ages; specifically SDG 3.8: Achieve universal health
coverage, including financial risk protection, access to quality essential health-care services and
access to safe, effective, quality and affordable essential medicines and vaccines for all.
Unlike the under the 2015 Millennium Development Goals (MDGs), where one of eight goals was
specifically HIV-focused (MDG 6: Combat HIV/AIDS, Malaria and Other Diseases)72, under the SDGs,
HIV takes comparatively less priority, falling under a different SDG 3 target, SDG 3.3: By 2030, end
the epidemics of AIDS, tuberculosis, malaria and neglected tropical diseases and combat hepatitis,
water-borne diseases and other communicable diseases. Commitment to the SDGs has been pledged
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by all UN Member States (including all Sovereign States in Sub-Saharan Africa)71, with support for
SDG 3 underpinned by commitment of the 12 leading global health and development organizations
(including those with an HIV-focus: the Global Fund to Fight AIDS, TB and Malaria (Global Fund),
UNAIDS, Unitaid, as well as the World Health Organization (WHO)) through the Global Action Plan
for healthy lives and well-being for all (Global Action Plan)73.
HIV prevention is a constituent component of a comprehensive universal health care system, just as
a strong health system is critical in the successful delivery and achievement of the HIV
response4,70,74,75. This interdependence plays out at country level, with an underlying tension
between the need to continue to support and scale up the HIV response and the need for country
Treasuries to prioritise investments in health systems and UHC75–78. Among donors, the biggest
external financers of HIV programmes, PEPFAR (the U.S. President’s Emergency Plan for AIDS Relief)
and the Global Fund, remain committed to the HIV response68,79. However, this tension between
prioritizing investments ‘vertically’ in HIV versus ‘horizontally’ UHC is ubiquitous, with the Global
Fund also focusing investments on building resilient and sustainable systems for health (as well as
the Malaria and TB responses)74, and other bilateral donors, including those who have been former
bilateral supporters of the HIV response (such as Germany, Sweden and Japan)80–83 now prioritizing
the use of their development assistance for health to incentivize health systems strengthening and
UHC delivery in the SDG landscape83,84.
Available budget space for HIV programming is also squeezed in the context of the global drive to
scale up antiretroviral treatment (ART) for all people living with HIV. Since 2016, ART has been
recommended for all people living with HIV, regardless of their stage of HIV infection85. Having
previously been prioritised for people with more advanced stages of HIV infection (CD4 count less
than or equal to 500 cell/mm3 per 2013 guidance), this updated guidance was based on the results of
randomized control trials and observational studies, which suggested that earlier initiation of
treatment reduces mortality and the chance of HIV-associated coinfections85. It was also based on
the results of a randomized control trial, which showed that earlier ART reduced the risk of HIV
transmission to HIV-negative partners (supported by others since published86), and the results of
modelling and ecological studies, which suggested that high uptake and retention of ART at
population level would reduce HIV incidence at population level87–91; termed ‘treatment as
prevention’85.
Based on the emerging evidence, in 2014, UNAIDS concurrently published their strategy Fast Track:
Ending the AIDS Epidemic by 2030 (Fast Track)69. The Fast Track strategy encourages all countries
globally to achieve “90-90-90” targets by 2020 (90% of people living with HIV (PLHIV) knowing their
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status (i.e. receiving an HIV test), 90% of PLHIV who know their status receiving ART, and 90% of
people on ART having viral suppression so their immune system remains strong and they are no
longer infectious) and 95-95-95 targets by 203069. These ambitious targets have been spearheaded
in particular by UNAIDS69,92 and PEPFAR79,93, as well as using Global Fund resources in many eastern
and southern African countries94.
Whilst more recent randomized-control trials and observational studies have since highlighted that
the anticipated benefits of treatment as prevention are unlikely to materialise95–98, treatment for all
remains a global strategy4, with many national and donor budgets prioritised for treatment, leaving
more limited space for HIV prevention activities94. The drive for treatment scale-up has also resulted
in high ‘treatment mortgages’, since once individuals have been started on ART, they should be
continued on treatment for life, meaning funds for prevention need to be additional and resources
cannot be reprioritised away from ART budgets. A lesser-recognized paradox of this situation is that
the modelling underpinning the treatment as prevention aspect of the global 90-90-90 and 95-95-95
targets assumed full access to prevention activities69,88,95. So whilst this strategy has been immensely
successful in reducing mortality among people living with HIV4,99, the current budget imbalances in
many countries may be self-limiting from a prevention point of view95,100. As a consequence, the
need for innovative and effective HIV prevention approaches, especially to address the drivers of HIV
risk among high-risk women in sub-Saharan Africa, must be met by cost-efficient interventions to be
feasible and be prioritizable in a resource constrained environment.
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1.2 PrEP as a potential tool to reduce HIV incidence
1.2.1

Overview of combination prevention prior to PrEP introduction

Prior to PrEP introduction, normative guidance on HIV prevention in high-prevalence settings
consisted of a ‘combination approach’ based on saturated coverage of condoms, targeted
prevention interventions for adolescent girls and young women, voluntary medical male
circumcision (VMMC), behavioural and structural interventions, focused communication and
demand creation using new and digital media, as well as secondary prevention using post-exposure
prophylaxis (PEP) after possible HIV exposure69. A comprehensive package of interventions for key
populations (MSM, transgender people, sex workers, PWID, incarcerated people101) included
comprehensive condom and lubricant programming, harm reduction programmes for people who
inject drugs, behavioural and structural interventions, VMMC, PEP, prevention of HIV in healthcare
settings102. In 2015, HIV prevention guidance was updated to include HIV testing and HIV treatment
for people living with HIV, regardless of CD4 count, for reasons including the anticipated benefits of
HIV treatment as prevention103. However, as set out at the beginning of this chapter, the
implementation of these HIV prevention interventions has been insufficient to address the global
HIV prevention needs, including for high-risk women in sub-Saharan Africa, and new approaches
were called for104.

1.2.2

Overview of PrEP

This section gives an overview of evidence to date on PrEP use-effectiveness and introduces the PrEP
programme cascade.
Oral PrEP is the use of tablet-form antiretroviral drugs among HIV negative persons to prevent HIV
acquisition. The six early oral PrEP randomized controlled trials (RCTs) took place globally between
2007 and 2011, using oral PrEP formulations of either tenofovir (TDF) or tenofovir and emtricitabine
(TDF/FTC, known commercially as Truvada). The study population, location, study name, PrEP
formulation, number of participants, adherence and HIV risk reduction effectiveness corresponding
to each of the trials is set out in Table 1 below.
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Population/
Location/ Study

Oral PrEP
Formulation

Number of
Participants

Adherence

HIV Risk
Reduction
Effectiveness

MSM and TGW (multiple geographic regions)
iPrEx105

TDF/FTC vs
placebo

2,499

51% by drug
detection

44% (95% CI:
15%, 63%;
p=0.005)

TDF vs placebo

2,413

83% based on
study drug
diaries

48·9 (95% CI:
9·6%, 72·2%;
p=0.01)

FEM-PrEP107 (women
18-35 years)

TDF/FTC vs
placebo

2,120

37% by drug
detection

6% (95% CI: 52%, 41%;
p=0.81)

VOICE108 (women 1845 years, oral arms
only)

TDF/FTC and FTC
vs placebo

3,019

28–29% by drug
detection

TDF: −49% (95%
CI: −129%, 3%;
p=0.07);
TDF/FTC: −4%
(95% CI: −49%,
27%; p=0.81)

4,758

82% by drug
detection

TDF: 67% (95%
CI: 44%, 81%;
p<0.001);
FTC/TDF: 75%
(95% CI: 55%,
87%; p<0.001)

1,219

84% by clinic pill
count

62% (95% CI:
22%, 83%;
p=0.03)

People who inject drugs, Thailand
Bangkok Tenofovir
Study106
Women in Africa

Serodiscordant couples in Africa
Partners PrEP109

TDF/FTC and FTC
vs placebo

Heterosexual men and women in Africa
TDF2110

TDF/FTC vs
placebo

Table 1: Results of the six early oral PrEP randomized controlled trials.
The table set out the population, location, study name, oral PrEP drug formulation, number of participants, adherence and
effectiveness levels for each of the six studies. TDF is short for tenofovir and FTC is short for emtricitabine. The table builds
on that from Haberer111.

Of the six RCTs, four found oral PrEP to be effective in reducing HIV incidence, with effectiveness
directly associated with drug adherence111. The two trials, FEM-PrEP107 and VOICE108, that were
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stopped early for futility were undertaken in women in Africa, with both citing lack of adherence as
the cause for no effectiveness. None of the early RCTs were undertaken in other high-risk women
populations, such as female sex workers and adolescent females.
Based on the results of the RCTs, in July 2012, the WHO called for demonstration projects to be
carried out to better understand the acceptability, patterns of use, and sustainability of PrEP112. At
the same time, they introduced oral PrEP into normative guidance, recommended for
serodiscordant couples (couples, where one partner is HIV positive and the other is HIV negative),
men who have sex with men (MSM) and transgender women (TGW) as part of demonstration
projects113.
Early demonstration projects, including open label extensions (OLE) of original RCTs, helped to set
the direction of PrEP implementation research111. Priority areas of investigation included exploring
approaches to strengthen drug adherence and program uptake and retention; behavioural
disinhibition (in this case, reductions in condom use on PrEP); drug safety and resistance; priority
populations for PrEP scale-up; and cost-effectiveness; as well as exploring PrEP effectiveness for
populations not addressed in the RCTs111,114.
Importantly, the OLE projects of two of the RCTs, iPrEx and Partners PrEP, were able to establish that
the drug adherence levels need to achieve the same levels of protection against HIV are different
between women and men. The iPrEx OLE115 undertaken in MSM and TGW, established that only 4
out of the 7 weekly doses of PrEP are required to achieve almost full protection against HIV. The
study was also able to link levels of drug adherence, through blood drug concentration, to levels of
HIV risk reduction, as set out in Table 2.
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% of iPrEx
OLE115 trial
participants

Estimated
drug dosing
(adherence)

TFV-DP in DBS
(fmol/punch)

Estimated HIV incidence

Estimated HIV
relative risk
reduction
compared to no
adherence

26%

None

<2.5

4.7/100 PY (95% CI: 2.8 to
7.2)

27%

<2
tablets/week

2.5 to < 350

2.2/100 PY (95% CI: 1.1 to
4.1)

53%

12%

2 to 3
tablets/week

>=350 to < 700

0.6/100 PY (95% CI: 0.0 to
2.5)

87%

22%

4 to 6
tablets/week

>=700 to 1249

0 /100 PY (95% CI: 0.0 to 0.6)

100%

5%

Daily

>=1250

0 /100 PY (95% CI: 0.0 to 1.1)

100%

Table 2: Detailed adherence-effectiveness outcomes estimated from the iPrEx OLE trial115.
The iPrEx OLE demonstration project was carried out among MSM and TGW in multiple geographic locations. The table
links the estimated daily dosing of PrEP (adherence) in trial participants with estimated levels of HIV risk reduction achieved.
The table shows the proportion of trial participants exhibiting different adherence behaviours (estimated number of daily
pills taken a week), measured by drug concentrations found in participants’ dried blood spots. For each adherence group an
estimated HIV incidence is given and corresponding relative HIV risk reduction compared with no PrEP adherence. TFV-DP in
DBS = Tenofovir-diphosphate in dried blood spots. PY = person years. The data in the table are reproduced from Grant et
al115.

The Partners PrEP OLE (called Partners Demonstration Project)116 carried out in serodiscordant
couples, using PrEP as a bridge to viral suppression in the HIV positive partner using ART, was able to
relate levels of drug adherence to levels of HIV risk reduction through multi-variate regression
(rather than blood drug concentration levels). The estimates for women in the trial are set out in
Table 3.
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% of Partners
Demonstration Project116
female trial participants

Estimated drug dosing
(adherence)

Estimated HIV relative risk
reduction in HIV incidence
compared to no adherence

82%

≥4 Doses/week

89% (95% CI: 79%–99%), p=0.03

71%

≥6 Doses/week

88% (95% CI: 73%–106%), p=0.17
(not statistically significant)

Table 3: Estimated HIV risk reduction associated with PrEP adherence levels of ≥4 and ≥6 doses a week for females in the
Partners Demonstration Project116.
The table shows the estimated daily dosing of PrEP (adherence) associated with estimated levels of HIV risk reduction
achieved in the project, calculated through multivariate analysis. The Partners Demonstration Project was undertaken in
sero-discordant couples in Kenya and Uganda.

Unlike in men, for whom 4 out of 7 weekly doses are estimated to achieve full protection against
HIV, for women, the results of the Partners Demonstration Project116, along with more recent
pharmacokinetic117 and modelling studies118 suggest that at least 6 out of 7 weekly, if not 7, doses of
PrEP are needed to achieve full protection against HIV. It is postulated that this relates to differences
in between-tissue drug transport systems between the lower female genital tract in women and
colorectal tissue in men, resulting in stronger PrEP drug concentrations in colorectal tissue than the
lower female genital tract118,119.
In 2014, normative guidance was revised to recommend PrEP for MSM102, based primarily on the
results of the iPrEx Study among MSM and TGW105, and later in 2015 to include all people at
substantial risk of HIV infection, defined as incidence of greater than 3 per 100 person years, as part
of a combination approach to HIV prevention103. This guidance was updated with the latest clinical
and drug formulation recommendations in 201685. To date, more than 100 PrEP demonstration
projects are underway or have been carried out across populations and countries globally to address
the priority areas for implementation research120 and many countries, including in sub-Saharan
Africa, have started rolling out PrEP ‘implementation programmes’ for highest-risk populations121–123.

Drug safety and resistance
Oral PrEP, using either TDF or TDF/FTC, is considered to be safe across populations and geographies,
including during pregnancy and whilst using hormonal contraceptives85,124. Mild adverse events, such
as gastrointestinal symptoms, are reported on PrEP, and though usually disappear after the first
month, have caused limited PrEP interruption in demonstration projects124. Subclinical decreases in
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renal function are reported on PrEP, usually disappearing with drug continuation, as well as
subclinical decreases in liver function and bone density124. Quarterly renal testing for the first 12
months is recommended as standard on PrEP, as well as annually thereafter85.
Antiretroviral drug resistance, which may be acquired through HIV acquisition in persons with suboptimal drug adherence, has, despite early fears and challenging levels of drug adherence in
demonstration programs, been rare on PrEP85,124. Whilst seroconversion and resistance is closely
monitored in PrEP programmes, the potential for drug resistant infections (against drugs that are
included as first line ART) is not generally considered prohibitive to wide PrEP program scale
up85,125,126.

PrEP program cascade
An illustrative conception of the PrEP program cascade127–129 is set out below in Figure 5. The
cascade depicts the programme stages from recruitment to programme retention at a defined end
point. It should be noted that the stages of the cascade and their definitions are not standardised
across OLE, demonstration and implementation projects120. As such there is no single reference
cascade meaning that direct comparisons between cascade stages across studies can be challenging.
Furthermore, as PrEP is intended to cover seasons of risk, rather than for long term use85, it does not
always make sense to compare retention after lengthy time horizons across studies (as it does with
ART retention), as periods of risk may be shorter depending on the population in question. This lens
should be taken when considering PrEP program uptake, retention and adherence (key stages of the
cascade to help ascertain the effectiveness of a PrEP programme85) throughout this manuscript.
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Figure 5: Illustrative PrEP program cascade from recruitment to program retention at a given time end point

1.2.3

PrEP programme uptake and retention, and drug adherence by population in SSA

Whilst only a subset of the more than 100 PrEP demonstration projects underway have published
results, perhaps the biggest challenge observed globally to date in PrEP demonstration as well as
implementation programs is in ensuring high levels of programme uptake and retention, and drug
adherence85,111,124,130. This section gives an overview of PrEP uptake, retention and adherence by
population in sub-Saharan Africa.

Serodiscordant couples
Programme uptake, retention and adherence have, in general, been reported to be higher among
serodiscordant couples observed in studies globally131,132. The Partners Demonstration Project (OLE
of Partners PrEP RCT) among serodiscordant couples in Kenya and Uganda reported 97% HIVnegative partners initiating PrEP, 51% retained in the program to the end point of 6 months
following partner initiation on ART, and 71% participants reporting at least 80% PrEP drug
adherence.
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MSM and TGW
Uptake, retention and adherence have been mixed among studies for MSM and TGW, with program
indicators generally lower in contexts where there is widespread stigma against these
populations133. The iPrEx OLE study133 for MSM and TGW across regions globally (USA, Peru, Ecuador,
Thailand, South Africa, USA) had levels of uptake ranging between 67% (Peru) and 95% (Ecuador),
with average 93% retention and 70% clinically significant adherence measured through TDF blood
concentration at 12-weeks (retention and adherence not reported disaggregated by country). This is
contrasted with the IPCP-Kenya demonstration project, which reported only 22% 12 week and 15%
6-month PrEP programme retention among MSM134.

People who inject drugs
Few demonstration projects have been completed for people who inject drugs (PWID), though the
OLE135 of the Bangkok Tenofovir Study for PWID in Thailand has so far reported 35% uptake (among
the original study’s participants who remained HIV negative), that only 30% of participants were
retained at 12 months and 26% participants are regularly adhering to PrEP according to participant
diaries.

High-risk women
Given the challenges of the PrEP RCTs in achieving levels of HIV-protective PrEP adherence in
women, as well as that none took place in defined high-risk groups such as FSW or AGYW, a large
number of the PrEP demonstration projects and implementation studies are taking place for women
across the spectrum of HIV risk120. The currently ongoing, planned and completed PrEP OLE,
demonstration and implementation projects for women in sub-Saharan Africa are set out in
Appendix 1, including a description of the studies’ specific research questions.
Female sex workers: Emerging results from demonstration projects among FSW in sub-Saharan
Africa reveal challenges in programme retention, consistent with the challenges faced by FSW in
adhering to ART and wider health services related to stigma, unstable routines, criminalization of
their work, disempowerment and disenfranchisement and discrimination by healthcare
providers4,136. The TaPS demonstration project137 for FSW in Johannesburg, South Africa, reported
PrEP uptake of 98%, and self-reported adherence of 70-85% among those retained in the
programme, but only 22% 12-month retention levels. The SAPPH-IRe trial138 among FSW in
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Zimbabwe reported 38% uptake, and an average of 4 months’ programme retention and did not
report on adherence (as is the case for the following studies where adherence is not mentioned). In
Kenya, the IPCP trial134 reported 66% uptake and 14% 6-month retention among FSW. PrEP retention
in trials among FSW in West Africa has been slightly more encouraging, with 83% uptake and 67%
retention at 12 months in Senegal139 and 88% uptake and at 12 months 47% retention, with 57%
participants self-reporting 100% adherence in Benin140.
AGYW: Similar retention challenges have been observed in studies among AGYW. For young women
15-29 years in Kenya, IPCP141 reported 86% uptake and 10% 6-month retention. The EMPOWER
Study142 in South Africa and Tanzania for AGYW aged 15-24 years reported 97% PrEP uptake and 34%
retention at 6 months. The challenging retention levels seen in AGYW are consistent with the
increased challenges that young people have in adhering to treatment compared to adults, as seen
in the case of ART136.
Other high-risk women: The HPTN 067/ADAPT trial143 in South African women aged 18 years and
older reported 93% uptake, and compared daily, time-driven (twice per week and a post-sex dose),
and event-driven (one tablet before and after sex), and reported 75%, 56% and 52% of sex events
respectively covered by PrEP after 6 months, and adherence to the prescribed regimen of 75%, 65%
and 53% respectively. Use of PrEP as a 6-week short course for the female partners of Mozambican
miners returning home144, was successful in obtaining 97% uptake, 91% retention at week 6 and 42%
of those women retained at week 6 having drug concentration levels consistent with at least 4 out of
7 pills a week. Early results from the SEARCH study145 among adults 15 years and older in rural
Uganda so far report 43% uptake among women and 47%, with clinic distance reported as a barrier
to uptake and retention. Early results from the PrIYA study146 of PrEP for women 15-45 years
delivered through maternal child health and family planning clinics in Kisumu, Kenya has so far
reported 38%, 21%, and 10% retention at 1, 3 and 6 months respectively. Although many other
studies are underway across high-risk female populations, they are yet to release their results120.
A table of the ongoing, planned and completed PrEP OLE, demonstration and implementation
projects among women in Sub-Saharan Africa is set out in Appendix 1.

1.2.4

Open policy questions regarding PrEP for high-risk women in SSA

This section gives an overview of the open policy questions relating to PrEP programmes for women
at high risk of HIV in sub-Saharan Africa. The section concludes by categorizing the open questions as
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those that can be assessed through standalone modelling studies, and those that need to be
evaluated in conjunction with RCTs, OLE, demonstration and implementation trials.

Strategies to improve PrEP uptake, retention and adherence
Given the challenges observed in the original PrEP RCTs, a focus of OLE, demonstration and
implementation studies for high-risk women in SSA is evaluation of strategies to improve PrEP
program uptake, retention and drug adherence. On the supply side, this includes evaluating peerbased as well as more general information campaigns; community outreach; exploring platforms for
scaling up PrEP availability (including schools, sexual and reproductive health clinics, antenatal
clinics); tailored services to the needs of different high-risk women populations including
differentiated care models and mobile services to meet the needs of mobile populations such as sex
workers; ensuring PrEP is affordable and freely available; and addressing structural barriers such as
policies that preclude discussion of sexuality education and HIV prevention in education settings,
stigma or legal barriers to provision of PrEP to young people111,120,136,147–150.
On the demand side, this includes evaluating approaches to strengthen risk awareness;
empowerment of women and their communities with correct information about PrEP and HIV
prevention; working to ensure PrEP providers have supportive attitudes; integration of PrEP
provision with other sexual and reproductive health and social services; integration with
empowerment and gender-based violence reduction programmes (strengthening demand for PrEP
as well as HIV prevention in general); and offering PrEP through approaches that are sensitive to
local cultural and religious norms111,120,136,147–150. Specific approaches being explored to strengthen
retention and adherence include adherence counselling; approaches (such as text messaging and
smart phone applications) to remind participants to take medication; structural interventions to
address social determinants of non-retentive and non-adherent behaviour (e.g. cash transfers,
working with police to support FSW programmes, building self-empowerment, efficacy and social
cohesion); the use of ‘adherence buddies’; direct follow up with defaulters; and medication refill
groups that alternate drug collection among group members111,120,136,147–150.
Alternative PrEP dosing strategies and formulations are also being explored, with the aim of
improving programme uptake, retention, adherence and thereby effectiveness (as set out in the
next section).
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Different PrEP dosing strategies
Once PrEP had been proven effective with drug adherence, OLE, demonstration and implementation
projects have been exploring different dosing strategies to assess the effectiveness of non-daily PrEP
HIV prevention, to see if this helps improve adherence to the intended drug regimen. Such
alternative dosing strategies include on demand (before and after sex) and time-driven (usually few
doses a week plus a dose after sex)120. Given the different PrEP dosing strategies being explored
among OLE, demonstration and implementation projects, comparison of drug adherence between
studies should be according to regimen rather than directly comparable.
To date, the results of different dosing strategies have been mixed, according to population. The
HPTN/067 – ADAPT trial143 of different dosing strategies in South African women aged 18 years and
older found that daily dosing resulted in a higher coverage of sex events, strengthened adherence to
the dosing regimen and blood drug concentrations. The IPERGAY study for Canadian and French
MSM on the other hand found that event-driven dosing (in this case 2 tablets 2-24 hours before sex,
1 tablet 24 hours later and 1 tablet 48 hours later) found 43% correct use of PrEP according to
adherence regimen and 86% relative HIV risk reduction after 2 years151. These differences in
effectiveness of non-daily dosing of PrEP may relate to the differences in drug levels needed to
achieve similar levels of protection against HIV between women and men, as well as different risk
awareness, behavioural, structural and contextual considerations between populations152. It was
also noted that the frequency of sex acts in the IPERGAY study were sufficiently high such that many
participants had drug levels consistent with the at least 4 doses a week needed to achieve full
protection noted through the iPrEx OLE study152. Throughout this thesis, it has been specifically
noted where referenced studies involve non-daily dosing strategies.

Different PrEP formulations
To date, PrEP formulated for daily oral consumption through tablet form, ‘oral PrEP’, is the only
formulation with regulatory approval for use outside of trial settings (although the most recent US
Food and Drug Administration approval of the tenofovir alafenamide/emtricitabine oral PrEP option
is not yet indicated for women having receptive vaginal sex)153. Long-acting PrEP microbicide
formulations are under investigation through randomized controlled trials and OLEs, with the
Dapivirine ring the most progressed153. Longer-acting formulations intend to strengthen PrEP
program outcomes by avoiding the need to take pills on a daily basis, which has proven a barrier in
many studies107,108,124. The latest results of the DREAM154 OLE study in South African and Ugandan
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women aged 20 years and older showed 90% retention at 12 months, 90% of women using the
Dapivirine ring at least some of the time and 63% HIV risk reduction estimated through modelling,
an improvement on the 30% risk reduction through the original clinical trial form of the study, the
RING Study155. As of August 2019, regulatory approval is being sought for the Dapivirine ring153.
Other long-acting formulations of PrEP are also under investigation, the most advanced of which are
injectable formulations being explored through the HPTN 083156 and HPTN 084157 clinical trials.
These trials are taking place respectively for MSM and TGW in the Americas, Asia and South Africa,
and young women in SSA, using the antiretroviral cabotegravir in comparison to daily oral PrEP
(using TDF/FTC), with results expected 2021-2022. Given that for the duration of this PhD PrEP
implementation has predominantly focused on the roll out of oral PrEP120, the focus of the PhD is on
the oral formulation. However, much of the work contained herein can be easily adapted to assess
other formulations if they are approved.

Behavioural disinhibition
Since the commencement of PrEP RCTs, there has been concern around behavioural disinhibition or
risk compensation – in particular, reductions in condom use (also termed condom migration) –
following the introduction of PrEP, and its impact on the ability for PrEP to reduce HIV
risk114,124,149,150,158–160. These concerns remained as the results of the early RCTs showed poor
adherence in some groups, which led to worries that the levels of protection against HIV would be
insufficient to counterbalance reduced levels of protection against HIV through reductions in
condom use, as well as increase exposure to STIs, some of which increase the likelihood of HIV
acquisition22,150,158–160. These concerns regarding behavioural disinhibition mirror those surrounding
the introduction of previous innovative HIV prevention measures, including the introduction of STIefficacious microbicides161,162 from almost two decades ago, voluntary medical male
circumcision163,164 a decade ago, and treatment as prevention in recent years165,166.
Concerns around behavioural disinhibition relate especially to women across the spectrum of HIV
risk in SSA, as well as others, who have limited agency over condom use10,25,167, with worries that
they would readily reduce condom use once PrEP is offered, further exposing themselves to STIs,
without achieving protective levels of PrEP efficacy. This is also particularly relevant to FSW, who in
many situations may receive increased payment for condomless sex50,52,55,57,58 (up to four times the
amount in some settings168), or women engaging in transactional sex, who may receive greater
benefits where condoms are not used29,43,45,169.
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None of the early RCTs reported reductions in condom use170, neither did the early OLE projects and
demonstration projects124. Qualitative surveys among young women in South Africa, however,
reported appetite to reduce condom use on PrEP149,171, and more recent PrEP demonstration and
implementation programmes in developed country contexts for MSM are starting to report
decreased condom use and increases in STIs172–175. In particular, community-level behavioural
disinhibition (reductions in condom use in individuals not taking PrEP, but in the same community as
those who are) have recently been reported among MSM, TGM and bisexual male communities in
Sydney and Melbourne, Australia, associated with rapid PrEP scale for MSM, TGW and bisexual
men176. Given that few of the demonstration and implementation projects underway in high-risk
women in SSA have published results120, it is too early to rule out behavioural disinhibition as a
reality for high-risk women taking PrEP in SSA. There are also more limited concerns about increases
in other risky behaviours on PrEP, such as increased numbers of sexual partners, however concerns
surrounding reductions in condom use have predominated, potentially in relation to the more direct
motivations for condomless sex, as well as results of PrEP studies to date85,177.
In response, many mathematical modelling studies of PrEP over the past decade have assessed the
impact of reduced condom use following PrEP commencement, and concluded that this would lead
to lower levels of HIV risk reduction, as well lower PrEP cost-effectiveness126,137,178–182. Concerns
around behavioural disinhibition in relation to the introduction of other new HIV prevention
interventions, such as the STI-efficacious microbicide, had previously been assessed through
mathematical modelling studies, quantifying the extent to which the intervention may be of benefit,
even with sub-optimal product adherence161,183. However, at the time of commencing this PhD (and
to date, other than the study that arose through this PhD), no mathematical modelling study had
been undertaken to understand the extent to which reductions in condom consistency on PrEP
could take place without increasing HIV risk, including for high-risk women in SSA, should it become
an implementation reality.

Scale-up of PrEP for individuals beyond those at highest HIV risk
With PrEP proven an effective HIV prevention intervention for those achieving defined levels
adherence115, 116, policy makers in many countries in SSA (such as South Africa121, Zimbabwe181 and
Kenya182) are now considering how best roll out PrEP among at-risk populations, considering impact
and cost-effectiveness in resource constrained environments4,85,150,186. Among high-risk women in
countries in SSA, FSW are being prioritised due to their elevated risk, and in some cases
AGYW121,181,182,187,188. However, women in SSA are on a spectrum of risk, with heterogeneous risk
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factors, including in numbers of partners, HIV and STI prevalence in partner populations, condom
use, ART and VMMC coverage among partners of different types, periods of risk, making it difficult
to target PrEP appropriately4,12,189–191. Additionally, female population groups with lower HIV
incidence rates are larger in number than higher risk groups such as FSW, meaning that the greatest
number of new infections in absolute terms are occurring in comparatively lower-risk
groups16,17,191,192. The limited information available on the PrEP program cascade outcomes (including
uptake, retention and adherence) also varies by female population and context, as with the number
of secondary infections resulting from each infection in a high-risk woman group, altogether making
it challenging to know how to most effectively scale-up PrEP beyond highest-risk groups120,150,186.
Many of the PrEP demonstration and implementation projects have used screening tools to identify
those at significant risk85, though have received criticism for having better sensitivity than specificity,
and not being sufficiently focused to identify those that would most benefit from PrEP193,194. There is
also now growing momentum from community groups to move from targeted programs for key
population groups towards universal access to PrEP as part of a rights-based approach to
health195,196.
Many mathematical modelling studies have assessed the impact and cost-effectiveness of PrEP for
high-risk populations in sub-Saharan Africa182,197–200, between population groups (between key
populations or key populations and men/ women in the general population)200–202, as well as relative
to other HIV prevention interventions203–205. The studies conclude PrEP to be less cost-effective than
other prevention interventions such as condoms, but cost-effective as part of a combination
prevention approach for those at greatest risk182,197–205. Modelling studies have not systematically
accounted for the low levels of PrEP program adherence and retention reported across different
high-risk women groups in SSA182,197–205. None of the studies to date have addressed the scale-up of
PrEP across high-risk women population groups in SSA, considering heterogeneities in risk factors,
PrEP program outcomes, population size, and their effect on population-level impact and costeffectiveness considerations to guide local strategies for PrEP roll-out.

1.2.5

Summary of open policy questions around PrEP implementation for high-risk women in SSA

As this review illustrates, there are many outstanding policy questions surrounding PrEP
implementation for high-risk women in sub-Saharan Africa. These include:
1. Which strategies can be undertaken to improve PrEP uptake, retention and adherence?
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2. How effective are alternative PrEP dosing strategies and formulations in strengthening
programme outcomes?
3. The extent to which behavioural disinhibition may outweigh the potential HIV-protective
benefits of PrEP, should it become an implementation reality?
4. How to prioritise PrEP scale-up across high-risk women, weighing considerations of impact and
cost-effectiveness in resource constrained environments?
Open questions 1 and 2 will be predominantly answered through RCTs, OLE, demonstration and
implementation trials, with the aid of mathematical modelling studies to help assess outcomes,
especially when undertaken alongside the trials.
Open questions 3 and 4 can be explored independently of trials using mathematical modelling
methods. As this PhD is not attached to an intervention trial, it will focus on open questions 3 and 4
using modelling approaches.
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1.3 Modelling for HIV policy making
Mathematical models play an important role in public health by providing policy makers with
evidence to inform decision making 206–208. They are quantitative frameworks that draw upon data,
evidence and processes from a number of different disciplines (for example, demography, biology,
economics, epidemiology, anthropology, behavioural sociology) to generate evidence of past or
projected impact and cost-effectiveness of programmes or interventions. They can be evaluated
over very short (hours, days, weeks) to very long (multiple decades) time horizons.
Mathematical models allow policymakers to assess the impact of policy options under consideration,
which may be impractical or unethical to test in implementation settings or over longer time
horizons206,209. Undertaken alongside implementation studies, they can be used to evaluate the
impact and, when combined with costing data, the cost-effectiveness of interventions or program
approaches207,210. Mathematical models allow policy makers to explore the role of heterogeneity in
risk, program or implementation factors on a study’s outcome; or the effect of factors within or
external to a study207,211. They also provide evidence to assess non-linearities between HIV risk
factors or HIV infection and programme outcomes, to weigh the effects of circular interactions (for
example, behavioural disinhibition following introduction of PrEP), and to explore how different time
horizons of evaluation affect decision making212.
This section gives an overview of the use of mathematical modelling in HIV policy making in five
areas. It presents an overview of different model types used in HIV policy making; how models
account for uncertainty; how models are fit to observed data; how they have been used to date in
HIV policy making; and the challenges around their use.

1.3.1

Overview of different model types for use in HIV policy making

Mathematical models are simplified representations of complex realities and situations209. There are
many possible (not necessarily mutually exclusive) forms that a model can take to address policy
questions in relation to an infectious disease such as HIV.
This sub-section gives an overview of the different forms that models can take in addressing
questions of relevance to HIV policy making. It is split into two parts. First, an overview of the key
considerations of more direct relevance to policy makers213. Second, an overview of other model
considerations faced by modellers in ensuring the model is appropriate to addresses the policy
question at hand209,213.
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Overview of key model considerations of direct relevance to policy makers
Static vs dynamic models
Static models do not account for feedback loops affecting the force of infection (rate at which
susceptible individuals are infected) over time209. Instead, the force of infection takes a
predetermined value and does not capture the downstream effects of population interaction. For
example, if modelling the risk of HIV infection to a FSW through sexual intercourse with male clients,
the likelihood that the client population is HIV infected (i.e. the HIV prevalence) does not change
over time. If the model shows the FSW’s risk of infection going up over time, static models do not
capture the downstream effects on clients’ HIV prevalence, and in turn, this onward effect on FSWs’
future risk of infection.
Static models of HIV risk are typically employed when the time horizon for evaluation of the policy
question is short, and assumes the probability of exposure to the infectious diseases is constant for
the time period under examination and therefore unaffected by programme, policy or other
epidemiological or social changes214. They are generally structurally more straightforward, less dataand time-intensive to develop209,215 and often form the basic building blocks for more complex
models209.
An example of a static model is the Bernouilli formulation of HIV risk216–218, where the probability of
the HIV virus being transmitted through each sexual contact is treated as an independent risk event.
This formulation of HIV risk is a Bayesian statistical approach, which assumes that model parameters
are based on prior distributions which are used to make statistical inferences about that chance of
an event happening219. The other main statistical approach for calculating risk is the frequentist
approach, which defines the likelihood of an event based on the limit of its relative frequency over a
large number of trials219. A simple formulation of the Bernouilli model of risk is as follows:
𝜋𝜋 = 1 − (𝑝𝑝( 1 − 𝛽𝛽) + (1 − 𝑝𝑝))𝐶𝐶

(1.1)

Where, using the same example of a FSW’s risk from her clients, 𝜋𝜋 is the HIV risk to a FSW per unit of
time, 𝑝𝑝 is the prevalence of HIV in the client population, 𝛽𝛽 is the average probably of HIV

transmission during a sex act with an HIV-infected client, and 𝐶𝐶 is the total number of sex acts per

unit of time.

From this formulation, we can explore a simplified, intuitive version of the fundamental concept in
infectious disease modelling, 𝑅𝑅0 , the basic reproduction number, which represents the average
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number of secondary infections arising from a single infectious person when introduced to a fully
susceptible population220.
𝑅𝑅0 = 𝛽𝛽𝐶𝐶𝛽𝛽,

(1.2)

Where 𝛽𝛽 is the average duration of infectiousness in an individual. In HIV, the average duration of

infectiousness is affected by whether or not an individual becomes virally supressed on ART, and

indeed 𝛽𝛽, the risk of transmission per sex act with an HIV-infected partner, would change according
to the stage of infection, which affects the level of infectiousness. This is a simplified version of the
basic reproduction in the context of a homogeneous population, with more sophisticated, real
world-like derivations calculable according model type and its complexity220,221.
𝑅𝑅

0

is important in the analysis of infectious diseases as it represents the threshold for stability of a

disease-free equilibrium. In a fully susceptible population, if 𝑅𝑅
persist in a population, and if 𝑅𝑅
realities, 𝑅𝑅

0

0<

0>

1, then an infectious disease will

1, it dies out. Although inevitably a simplification of complex

is an important measure at the start of an epidemic, to help predict the rate of

infection invasion in a population, the potential magnitude of the outbreak and the impact of disease

prevention and control interventions. 𝑅𝑅

0

takes comparatively less prominence when infectious

diseases are at endemic equilibrium, such as in the HIV contexts in sub-Saharan Africa4 that will be
explored through this thesis, but rather is used to help quantify the efforts needed to bring 𝑅𝑅
for the disease to be on a trajectory to elimination222.

0<

1

Unlike static models, dynamic models, on the other hand, account for feedback loops affecting the
force of infection and therefore can account for changes over time owing to population interactions
and evolving contextual factors209. They are therefore able to more fully gauge the extent of an
intervention’s impact across populations223. Continuing with the example of a FSW and male client
population, the likelihood that the client population is HIV infected (i.e. the HIV prevalence) will
change over time as a result of the interactions between (in this simple case) the FSW and her
clients.
Dynamic models are typically represented by a system of differential or difference equations,
evaluated numerically using programming tools with increased data requirements214,215. They are
usually more time-intensive and expensive to devise, calibrate and solve, and often require critical
assumptions to be made about current and future trends215,224.
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A simple dynamic model of static equation (1.1) can be approximated using the Kermack-McKendrick
SIR system of differential equations209,225,226,227, where 𝑆𝑆(𝑡𝑡) is the number of susceptible individuals
in a population at time 𝑡𝑡, 𝐼𝐼(𝑡𝑡) the number of infected, and 𝑅𝑅(𝑡𝑡), the number removed from the
population.

For FSW we have:
𝑑𝑑𝑆𝑆𝑓𝑓 (𝑡𝑡)
= 𝑎𝑎𝑓𝑓 𝑁𝑁𝑓𝑓0 − 𝜆𝜆𝑚𝑚 (𝑡𝑡)𝑆𝑆𝑓𝑓 (𝑡𝑡) − 𝑚𝑚𝑓𝑓 𝑆𝑆𝑓𝑓 (𝑡𝑡)
𝑑𝑑𝑑𝑑
𝑑𝑑𝐼𝐼𝑓𝑓 (𝑡𝑡)
= 𝜆𝜆𝑚𝑚 (𝑡𝑡)𝑆𝑆𝑓𝑓 (𝑡𝑡) − (𝑟𝑟 + 𝑚𝑚𝑓𝑓 )𝐼𝐼𝑓𝑓 (𝑡𝑡)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑅𝑅𝑓𝑓 (𝑡𝑡)
= 𝑚𝑚𝑓𝑓 𝑆𝑆𝑓𝑓 (𝑡𝑡) + (𝑟𝑟 + 𝑚𝑚𝑓𝑓 )𝐼𝐼𝑓𝑓 (𝑡𝑡)
𝑑𝑑𝑑𝑑
And for the client population:

𝑑𝑑𝑆𝑆𝑚𝑚 (𝑡𝑡)
= 𝑎𝑎𝑚𝑚 𝑁𝑁𝑚𝑚0 − 𝜆𝜆𝑓𝑓 (𝑡𝑡)𝑆𝑆𝑚𝑚 (𝑡𝑡) − 𝑚𝑚𝑚𝑚 𝑆𝑆𝑚𝑚 (𝑡𝑡)
𝑑𝑑𝑑𝑑

𝑑𝑑𝐼𝐼𝑚𝑚 (𝑡𝑡)
= 𝜆𝜆𝑓𝑓 (𝑡𝑡)𝑆𝑆𝑚𝑚 (𝑡𝑡) − (𝑟𝑟 + 𝑚𝑚𝑚𝑚 )𝐼𝐼𝑚𝑚 (𝑡𝑡)
𝑑𝑑𝑑𝑑

𝑑𝑑𝑅𝑅𝑚𝑚 (𝑡𝑡)
= 𝑚𝑚𝑚𝑚 𝑆𝑆𝑚𝑚 (𝑡𝑡) + (𝑟𝑟 + 𝑚𝑚𝑚𝑚 )𝐼𝐼𝑚𝑚 (𝑡𝑡)
𝑑𝑑𝑑𝑑
With per capita forces of infection:
𝐼𝐼 (𝑡𝑡)

𝜆𝜆𝑚𝑚 (𝑡𝑡) = 𝛽𝛽𝑓𝑓 𝑐𝑐𝑓𝑓 𝑁𝑁𝑚𝑚 (𝑡𝑡)
𝑚𝑚

𝐼𝐼 (𝑡𝑡)

and 𝜆𝜆𝑓𝑓 (𝑡𝑡) = 𝛽𝛽𝑚𝑚 𝑐𝑐𝑚𝑚 𝑁𝑁𝑓𝑓 (𝑡𝑡).

With total population sizes:

𝑓𝑓

𝑁𝑁𝑓𝑓 (𝑡𝑡) = 𝑆𝑆𝑓𝑓 (𝑡𝑡) + 𝐼𝐼𝑓𝑓 (𝑡𝑡) and 𝑁𝑁𝑚𝑚 (𝑡𝑡) = 𝑆𝑆𝑚𝑚 (𝑡𝑡) + 𝐼𝐼𝑚𝑚 (𝑡𝑡).
And the equations balanced using
𝑐𝑐𝑓𝑓 = 𝑐𝑐𝑚𝑚 𝑁𝑁𝑓𝑓 /𝑁𝑁𝑚𝑚

(1.3)

Where 𝑎𝑎 is the rate of recruitment into the population, 𝑐𝑐 is the per capital rate of partner change, 𝑡𝑡0
is at time zero, 𝑚𝑚 the non-AIDS related mortality rate, 𝛽𝛽 is the average probably of HIV transmission

per sex act and 𝑟𝑟 the AIDS-related mortality rate. The subscript 𝑓𝑓 denotes females, and 𝑚𝑚 denotes
males, and 𝑁𝑁𝑓𝑓0 and 𝑁𝑁𝑚𝑚0 are the initial population sizes of FSW and males respectively.
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For deterministic compartmental models (see later section for description) of infectious diseases, 𝑅𝑅0

can be calculated using a Next Generation Matrix approach, as set out by Diekmann228, van den

Driessche and Watmough229, Jones230, Mukandavire231 and others, using the linearized matrices.
Following van den Driessche and Watmough229 approach, we have:
𝐹𝐹 = �

𝜕𝜕𝐹𝐹𝐼𝐼 (𝑥𝑥0 )
�
𝜕𝜕𝑥𝑥𝑗𝑗

and 𝑉𝑉 = �

𝜕𝜕𝑉𝑉𝐼𝐼 (𝑥𝑥0 )
�,
𝜕𝜕𝑥𝑥𝑗𝑗

(1.4)

Where 𝐹𝐹𝐼𝐼 is the rate at which newly infected individuals enter the infected compartment, 𝐼𝐼; 𝑉𝑉𝐼𝐼 is the

transfer of individuals out of and into the infected compartment by individuals 𝑗𝑗 in classes 𝑅𝑅 and 𝑆𝑆

respectively; and 𝑥𝑥0 is the disease-free equilibrium state. Then, for FSW:
𝑚𝑚𝑓𝑓 𝑆𝑆𝑓𝑓 (𝑡𝑡) − 𝑎𝑎𝑓𝑓 𝑁𝑁𝑓𝑓0
𝐼𝐼 (𝑡𝑡)
𝐹𝐹𝑓𝑓 = 𝛽𝛽𝑓𝑓 𝑐𝑐𝑓𝑓 𝑆𝑆𝑓𝑓 (𝑡𝑡) 𝑁𝑁𝑚𝑚 (𝑡𝑡) and 𝑉𝑉𝑓𝑓 = �
�.
(𝑟𝑟 + 𝑚𝑚𝑓𝑓 )𝐼𝐼𝑓𝑓 (𝑡𝑡)
𝑚𝑚
With disease free equilibrium when 𝑆𝑆𝑓𝑓0 =

𝑎𝑎𝑓𝑓 𝑁𝑁𝑓𝑓0
𝑚𝑚𝑓𝑓

(1.5)

.

The Next Generation Matrix 𝐹𝐹𝑉𝑉 −1 gives the expected number of secondary cases in compartment 𝐼𝐼

by an individual in compartment 𝑗𝑗. 𝑅𝑅0f , the number of new female infections produced by a typical
infected male at disease free equilibrium is determined by the spectral radius (i.e. dominant

eigenvalue) of the system, as follows (noting, here 𝑁𝑁𝑓𝑓0 = 𝑆𝑆𝑓𝑓0 ):

𝑅𝑅0f =

𝛽𝛽𝑓𝑓 𝑐𝑐𝑓𝑓 𝑆𝑆𝑓𝑓0
𝑆𝑆𝑚𝑚0 (𝑟𝑟 + 𝑚𝑚𝑓𝑓 )

(1.6)

Similarly, for males:
𝐹𝐹𝑚𝑚 = 𝛽𝛽𝑚𝑚 𝑐𝑐𝑚𝑚 𝑆𝑆𝑚𝑚 (𝑡𝑡)

𝐼𝐼𝑓𝑓 (𝑡𝑡)

𝑁𝑁𝑓𝑓 (𝑡𝑡)

𝑚𝑚 𝑆𝑆 (𝑡𝑡) − 𝑎𝑎𝑚𝑚 𝑁𝑁𝑚𝑚0
and 𝑉𝑉 = � 𝑚𝑚 𝑚𝑚
�.
(𝑟𝑟 + 𝑚𝑚𝑚𝑚 )𝐼𝐼𝑚𝑚 (𝑡𝑡)

With disease-free equilibrium when 𝑆𝑆𝑚𝑚0 =
𝑅𝑅0m =

𝛽𝛽𝑚𝑚 𝑐𝑐𝑚𝑚 𝑆𝑆𝑚𝑚0
𝑆𝑆𝑓𝑓0 (𝑟𝑟 + 𝑚𝑚𝑚𝑚 )

𝑎𝑎𝑚𝑚 𝑁𝑁𝑚𝑚0
,
𝑚𝑚𝑚𝑚

(1.7)

and
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(1.8)
Then, for the system, 𝑅𝑅0 , the expected number of secondary infections by an infected individual is:
𝛽𝛽 𝑐𝑐 𝛽𝛽 𝑐𝑐

𝑓𝑓 𝑓𝑓 𝑚𝑚 𝑚𝑚
𝑅𝑅0 = �𝑅𝑅0f 𝑅𝑅0m = �(𝑟𝑟+𝑚𝑚
)(𝑟𝑟+𝑚𝑚
𝑓𝑓

𝑚𝑚 )

,

(1.9)

Which is the average number of secondary infections arising from a primary infection. When 𝑅𝑅0 < 1

the disease-free equilibrium is locally asymptotically stable, and when 𝑅𝑅0 > 1 the disease will persist
in the population.

Comparisons of static and dynamic models are explored through the 2nd research chapter of this
thesis.

Stochastic vs deterministic
Stochastic models capture uncertainty in transition between the different states represented by the
model. They are formulated using probabilistic random variables, such that for the same set of initial
conditions, a stochastic model’s outcome will vary209. They can be modelled as individual-based
models, tracking the path of an individual through a model, with chance affecting whether they get
infected, or compartmental models (see later section for description), where the individual are
treated as a group or compartment, with chance determining what happens to the group in
total209,232. Stochastic models should be repeated a large number of times to build up a picture for
the decision maker to assess, overall, the likely outcomes of an approach of interest209. Monte Carlo
models are example stochastic models, which use parameter values randomly drawn according to
set distributions, and with repeated runs can be used to ascertain the likelihood of an outcome
happening210. Such models are often used in accounting for data uncertainty in models but tend to
be difficult to simulate without the use of computing resources209.
Deterministic models have a set pathway, such that with the same parameter values and initial
conditions, the results of a model’s simulation will always be the same232. They tend to be more
straightforward to calculate, and, in general, to describe to and be understood by policy makers, but
are a more simplified version of real-world dynamics209,213. Stochastic models are particularly
appropriate for use with small population sizes, where chance may play an importance role in a
population’s behaviour through an intervention or in population interactions, and therefore
parameter and initial condition specification209. Deterministic models may be more appropriate with
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larger population sizes where the effects of chance over a large number of interactions become
much less significant, and the system conditions can be appropriately reflected by a set of states
determined upfront based on parameter averages 233.

Overview of key model considerations in determining appropriate model structure
Capturing population heterogeneity
Accounting for the appropriate level of model heterogeneity is a key concern of modellers in
developing models to assess policy questions213. It is important that models appropriately represent
a policy problem at hand by accounting for the key underlying heterogeneities that affect model
outcomes221. This includes heterogeneities in epidemiological, risk and behavioural characteristics, in
the dynamics of interaction between populations, progression through programme stages (e.g.
intervention uptake, retention and adherence) and in relation to the policy question at hand (e.g.
different scenarios under consideration)234,235. This level of model detail has to be balanced with the
availability of data of reasonable quality, to ensure that model parameterization reasonably reflects
the underlying population and programme under consideration, and does not inadvertently
introduce inaccuracies in model outcomes209,210.
Many of the choices faced by modellers in in determining the appropriate model structure to assess
a policy question come about explicitly due to heterogeneity. For example, modellers must consider
whether it is important that heterogeneity in transition between model states be represented
stochastically rather than deterministically; or heterogeneity in partner mixing represented through
individual-based network models rather than approximated using population averages (further
description of these approaches are laid out later in this section). Heterogeneity adds complexity to
models213. However, if models fail to capture important heterogeneities, their conclusions risk
misleading policy makers209,213.

Compartmental vs distributional
Compartmental models divide a pathway into a set of states with parameters attached to govern
individuals’ or populations’ transition between these set of states210. They are most appropriate
when a policy problem or disease states can be broken down into distinct stages, and parameters
(determined through stochastic or deterministic approaches) assigned to them209,210. An illustration
of a compartmental model is set out in Figure 6. It sets out the pathway of HIV negative individuals
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through a PrEP programme, and if they become HIV infected, their pathway through stages of
disease progression (denoted by CD4 count) in the absence of ART, on ART, and following ART drop
out. In compartmental models, each arrow between the compartments in Figure 6 would be
parameterised to describe the chance of progression between model compartments.
Distributional models, on the other hand, represent progression through disease states or a policy
pathways using pre-determined distributions. Gradations of disease severity or pathway stages are
used to assess the progression of individuals through these distributed states210.

Figure 6: Illustrative compartmental model showing the pathway of HIV negative individuals through a PrEP programme, and
when HIV infected, their pathway through stages of disease progression (denoted by CD4 count) in the absence of ART, on ART,
and following ART drop out.

Discrete or continuous time
The transition of individuals or populations through model states can be assessed either through
discrete timesteps or continuously. When modelled through discrete time, progress through model
states can only happen after defined time steps (e.g. 1 day, 3 months or 12 months). As such, model
progression can be abrupt, rather than happening on an ongoing basis210. Discrete models allow
model policy makers to understand the numbers of individuals in a given model state based on the
number in that state at the previous point in time209. Discrete models are suited where transition
through disease states or the policy pathway happen only after defined periods, and data is available
to parameterise the model corresponding to larger discrete timesteps210. Discrete models can be
evaluated in simple computing tools such as Microsoft Excel161.
Modelling using continuous time on the other hand allows for transition between states to be
continuous and happen on an ongoing basis through infinitely small timesteps221. These models can
be evaluated at any point in time and are better suited where process happen in an ongoing
manner221. Unlike with discrete models, it may not always be possible to describe the numbers of
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individuals in a given model state based on the number in that state at the previous point in time209.
Continuous models usually need to be evaluated using computing tools, as they are evaluated using
differential calculus210. However, in practice, many models such as the SIR models set out in
equation (1.3) can equally be evaluated using discrete and continuous time using the same
computing tools236.
For example, the differential SIR model in equation (1.3) can be written in discrete form237, using
difference equation formulation, as follows:
For FSW:
𝑆𝑆𝑓𝑓𝑡𝑡+1 = 𝑎𝑎𝑓𝑓 𝑁𝑁𝑓𝑓0 − 𝜆𝜆𝑚𝑚𝑡𝑡 𝑆𝑆𝑓𝑓𝑡𝑡 − 𝑚𝑚𝑓𝑓 𝑆𝑆𝑓𝑓𝑡𝑡
𝐼𝐼𝑓𝑓𝑡𝑡+1 = 𝜆𝜆𝑚𝑚𝑡𝑡 𝑆𝑆𝑓𝑓𝑡𝑡 − (𝑟𝑟 + 𝑚𝑚𝑓𝑓 )𝐼𝐼𝑓𝑓𝑡𝑡

𝑅𝑅𝑓𝑓𝑡𝑡+1 = 𝑚𝑚𝑓𝑓 𝑆𝑆𝑓𝑓𝑡𝑡 + (𝑟𝑟 + 𝑚𝑚𝑓𝑓 )𝐼𝐼𝑓𝑓𝑡𝑡

And for the client population:
𝑆𝑆𝑚𝑚𝑡𝑡+1 = 𝑎𝑎𝑚𝑚 𝑁𝑁𝑚𝑚0 − 𝜆𝜆𝑓𝑓𝑡𝑡 𝑆𝑆𝑚𝑚𝑡𝑡 − 𝑚𝑚𝑚𝑚 𝑆𝑆𝑚𝑚𝑡𝑡
𝐼𝐼𝑚𝑚𝑡𝑡+1 = 𝜆𝜆𝑓𝑓𝑡𝑡 𝑆𝑆𝑚𝑚𝑡𝑡 − (𝑟𝑟 + 𝑚𝑚𝑚𝑚 )𝐼𝐼𝑚𝑚𝑡𝑡

𝑅𝑅𝑚𝑚𝑡𝑡+1 = 𝑚𝑚𝑚𝑚 𝑆𝑆𝑚𝑚𝑡𝑡 + (𝑟𝑟 + 𝑚𝑚𝑚𝑚 )𝐼𝐼𝑚𝑚𝑡𝑡

With per capita forces of infection:
𝜆𝜆𝑚𝑚𝑡𝑡 = 𝛽𝛽𝑓𝑓 𝑐𝑐𝑓𝑓

𝐼𝐼𝑚𝑚𝑡𝑡

and 𝜆𝜆𝑓𝑓𝑡𝑡 = 𝛽𝛽𝑚𝑚 𝑐𝑐𝑚𝑚

𝑁𝑁𝑚𝑚𝑡𝑡

With total population sizes:

𝐼𝐼𝑓𝑓𝑡𝑡

𝑁𝑁𝑓𝑓𝑡𝑡

.

𝑁𝑁𝑓𝑓𝑡𝑡 = 𝑆𝑆𝑓𝑓𝑡𝑡 + 𝐼𝐼𝑓𝑓𝑡𝑡 and 𝑁𝑁𝑚𝑚𝑡𝑡 = 𝑆𝑆𝑚𝑚𝑡𝑡 + 𝐼𝐼𝑚𝑚𝑡𝑡 .
And the equations balanced using
𝑐𝑐𝑓𝑓 = 𝑐𝑐𝑚𝑚 𝑁𝑁𝑓𝑓𝑡𝑡 /𝑁𝑁𝑚𝑚𝑡𝑡

(1.10)

Here, 𝑡𝑡 is time. As the time steps in discrete models become infinitesimally small, they tend towards
continuous-time models209,238. That is, where the size of the timestep, 𝛿𝛿𝛿𝛿 becomes infinitesimally
small:

lim

𝛿𝛿𝛿𝛿→0

𝑆𝑆𝑡𝑡+𝛿𝛿𝛿𝛿 −𝑆𝑆𝑡𝑡
𝛿𝛿𝛿𝛿

→

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝐼𝐼
−𝐼𝐼𝑡𝑡
, lim 𝑡𝑡+𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑 𝛿𝛿𝛿𝛿→0

→

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

and lim

𝛿𝛿𝛿𝛿→0

𝑅𝑅𝑡𝑡+𝛿𝛿𝛿𝛿 −𝑅𝑅𝑡𝑡
𝛿𝛿𝛿𝛿

→

𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑
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(1.11)
In other words, the system of equations in (1.10) tends towards the system of equations in (1.3).

Individual-based network vs population averages
Network models can be used to describe the system or network of contacts between individuals
with sexual partnerships, with the risk of infection dependent on the individuals with whom a person
is connected209. Such models can be a powerful tool for understanding the role of specific networks
in disease spread. However, they require very detailed, individual-level parameterization, which is
often not feasible to collect in practice, and the results of network models often not broadly
generalisable at population level210. Models otherwise, and more often, use population averages to
describe to parameterise and describe transition through model stages, capturing heterogeneity
through model stratification according to key heterogenous characteristics or transition
parameters210.

1.3.2

Accounting for uncertainty

There are two main types of uncertainty to be accounted for in modelling infectious diseases –
parametric (about the model parameters) and structural (about the model’s structure).

Parametric uncertainty
Uncertainty in the underlying data used to parameterise a model can be estimated through
Frequentist or Bayesian approaches. Both aim to give policy and decision makers a level of
understanding around the uncertainty in model outcomes due to uncertainty in model inputs.
Frequentist inference approaches assume that parameters have fixed (unknown) values and cannot
be ascribed underlying distributions with associated probabilities239. They involve deriving parameter
estimates using approaches such as maximum likelihood functions, to obtain the best fit model to
observed data (e.g. HIV prevalence), then generating multiple samples from the best fit model using
methods such as bootstrapping, to re-estimate parameters and then quantify uncertainty in
underlying data sets240,241. They are used to produce (e.g. 95%) confidence intervals, indicating that
over large number of samples, (e.g. 95%) of confidence intervals calculated would contain this range
of values239.
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Bayesian inference approaches are used to assess uncertainty around model parameter inputs as
well as outputs242,243. They assume prior distributions for parameters, and combine them with
likelihoods derived through methods such as Monte Carlo simulations to build up parameter
sets242,244. These simulated parameter sets are run through the model and typically fitted to
observed data ranges (e.g. HIV prevalence)245,240. Uncertainty in model outcomes is then described
by calculating (e.g. 95%) credible intervals based on this data, which signifies that there is (e.g. 95%)
certainty that the true value lies within this range246,247. Bayesian inference approaches are
nowadays more typically used in estimating parameter uncertainty and fitting models to data where
prior distributions can reasonably estimated for parameters248,244, and since 2006 have been used in
UNAIDS’s core modelling approaches for estimating uncertainty in national HIV estimates
(Estimation and Projection Package, EPP, using Bayesian Melding and Spectrum using Monte Carlo
methods)249,250.
Two common Bayesian methods for accounting for model uncertainty and fitting to data using
different approaches for deriving likelihoods are illustrated in Figure 7 and Figure 8. First, the
Markov Chain Monte Carlo (MCMC) approach, where a chain is constructed through a ‘walk’ over a
defined parameter space, constantly checking the closeness of the model outcome for each new
parameter explored with a target outcome, and adjusting its path so that it converges towards the
target outcome251,252. The example uses equation (1.3), and for illustrative purposes, simulates
MCMC chains only on the parameters 𝛽𝛽𝑓𝑓 and 𝛽𝛽𝑚𝑚 (the probably of HIV transmission during a sex act
with an HIV infected partner to women and men respectively), and uses the following model
parameters: [𝑁𝑁𝑓𝑓0 = 1000, 𝐶𝐶𝑚𝑚 = 37, 𝐶𝐶𝑓𝑓 = 4,

𝐼𝐼 𝑚𝑚0
𝑁𝑁𝑚𝑚0

= 0.24, 𝑚𝑚𝑓𝑓 = 0.0005, 𝑚𝑚𝑓𝑓 = 0.0006, 𝑟𝑟 = 0.0002,

𝛽𝛽𝑓𝑓 , 𝛽𝛽𝑚𝑚 𝜖𝜖[0,0.01], with starting values for the chain of 0.0001] over 1000 iterations. Figure 7 below

sets of the MCMC chains simulated for 𝛽𝛽𝑓𝑓 and 𝛽𝛽𝑚𝑚 , and Figure 8 the histograms of the posterior
distributions generated.
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Figure 7: MCMC chain for equation (1.3), for parameters 𝜷𝜷𝒇𝒇 and 𝜷𝜷𝒎𝒎 .

The x-axis shows the number of iterations and y-axis the parameter values explored. The MCMC chains were simulated
using the following parameter values: [𝑁𝑁𝑓𝑓0 = 1000, 𝐶𝐶𝑚𝑚 = 37, 𝐶𝐶𝑓𝑓 = 4,

𝐼𝐼𝑚𝑚0

𝑁𝑁𝑚𝑚0

= 0.24, 𝑚𝑚𝑓𝑓 = 0.0005, 𝑚𝑚𝑓𝑓 = 0.0006, 𝑟𝑟 =

0.0002, 𝛽𝛽𝑓𝑓 , 𝛽𝛽𝑚𝑚 𝜖𝜖[0,0.1] with starting values for the chain of 0.0001] over 1000 iterations.

Figure 8: Histograms of the posterior distributions derived for parameters 𝜷𝜷𝒇𝒇 and 𝜷𝜷𝒎𝒎 from equation (1.3) using MCMC.
The x-axis shows the parameter values and y-axis the frequency. The MCMC chains were simulated using the following
parameter values: [𝑁𝑁𝑓𝑓0 = 1000, 𝐶𝐶𝑚𝑚 = 37, 𝐶𝐶𝑓𝑓 = 4,

𝐼𝐼𝑚𝑚0

𝑁𝑁𝑚𝑚0

= 0.24, 𝑚𝑚𝑓𝑓 = 0.0005, 𝑚𝑚𝑓𝑓 = 0.0006, 𝑟𝑟 = 0.0002, 𝛽𝛽𝑓𝑓 , 𝛽𝛽𝑚𝑚 𝜖𝜖[0,0.01]

with starting values for the chain of 0.0001], over 1000 iterations.

56

The Latin Hypercube Sampling (LHS) is a type of Monte Carlo simulation that works by dividing the
cumulative density function of each parameter into equal spaces, and sampling randomly from each
of the spaces253,254,255. These sampled parameter values are run through the model and those sets of
sampled parameters within a range of observed data are taken as fits and used to build up
uncertainty intervals around model outcomes253,254,255. Compared to other Monte Carlo-based
approaches, LHS is considered to be particular efficient computationally254,255. As an illustration,
Figure 9 sets out the resulting distribution (range, standard deviation and range) of model outcomes
(HIV prevalence in females (left) and males (right)) through LHS performed on parameters 𝛽𝛽𝑓𝑓 and 𝛽𝛽𝑚𝑚

using equation (1.3) and the parameter sets as described above for the MCMC simulation.

Figure 9: Graphs showing the range (min, max), median and standard deviation using all sampled parameters for 𝜷𝜷𝒇𝒇 and
𝜷𝜷𝒎𝒎 from equation (1.3) using LHS.

The range is shown in light blue, the standard deviation in dark blue and the median in black. The x-axis is the time steps
and the y- axis HIV prevalence (%) for females (left had side) and males (right hand side). The LHS were run using the
following parameter values: [𝑁𝑁𝑓𝑓0 = 1000, 𝐶𝐶𝑚𝑚 = 37, 𝐶𝐶𝑓𝑓 = 4,

𝐼𝐼𝑚𝑚0

𝑁𝑁𝑚𝑚0

= 0.24, 𝑚𝑚𝑓𝑓 = 0.0005, 𝑚𝑚𝑓𝑓 = 0.0006, 𝑟𝑟 = 0.0002,

𝛽𝛽𝑓𝑓 , 𝛽𝛽𝑚𝑚 𝜖𝜖[0,0.01] with starting values for the chain of 0.0001], over 1000 iterations.

Structural uncertainty
As noted above, a model’s structure should be driven by its intended use, and ideally represent the
key policy or programme states under evaluation, as well as important heterogeneities in relation to
populations, their interactions and underlying epidemiology, as well as data availability235.
Uncertainty in model structure is usually assessed through introducing greater, and also lesser,
complexity in the structure of the model, and then comparing outcomes256–259. For example,
modellers can start with simpler structural versions of a model and progressively add more
structural heterogeneity, to gain understanding into how model structural complexity affects a
model’s outcome235,258.
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In practice, however, it is difficult to separately address model structural uncertainty in the absence
of assessing parametric uncertainty. For example, introducing greater model structural
heterogeneity also necessitates greater heterogeneity in parameterization256. One technique called
Bayesian Model Averaging, an extension of Bayesian inference methods260, has been developed to
concurrently address structural and parametric uncertainty in stochastic modelling 261. The
technique averages over a set of models that are supported by the underlying data, requires
specification of prior distributions of competing models and then averages over the class of models
deemed to be most appropriate261. However, in practice, the requirements for performing such
analyses are too vast and require too many assumptions to be practicable260,261.

1.3.3

Fitting models to data

Fitting models to observed data aims to improve the accuracy of model predictions209. Model fitting
is undertaken by ensuring that the sets of parameters used by the model to describe the as-is
situation give rise to observed basic model outcomes (e.g. populations’ prevalence or incidence)262.
Where models are evaluated over time horizons, their accuracy can be strengthened if they can be
fit to observed data at several point in the past, thereby appropriately depicting the past epidemic
course. This is undertaken with the hope that when the model with fitted parameter sets is then
used to evaluate a policy question (e.g. introduction of an intervention, or a counterfactual), its
outcomes will be more likely to be grounded in implementation realities262.
There are a wide range of approaches for fitting models to data, usually based on minimizing the
distance between model predictions and observed data using goodness of fit statistics263. Examples
of fitting approaches include least square approaches where parameter sets are adopted that lead
to the least sum of squares between predicted and observed outcome data; or maximum likelihood
approaches where parameter sets are adopted that maximise the likelihood of observing the
outcome data209.
Where approaches are concurrently being used to estimate uncertainty in model outcomes, credible
intervals around model parameters can be obtained at the same time as the best fitting parameter
values209. This can be done through a variety of approaches, including the Bayesian MCMC and Latin
Hypercube Sampling approaches previously described, using algorithms to generate parameter sets
and select those as ‘fits’ that lead to model outcomes within observed data ranges244,255.
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1.3.4

Use of models in HIV policy making

Mathematical models have been used to inform HIV policy making since the early days of the HIV
epidemic response85,264–269. Their key uses in HIV policy making include informing normative
guidance setting85,113,270; informing resource allocation across populations, interventions and
geographies at global, regional, national and sub-national levels based on consideration of impact
and cost-effectiveness201,271–273; supporting assessment of the results of intervention trials197,274,275;
and informing strategy development, target setting and resource mobilization investment
cases68,69,74,276,277. These models range from those which can be applied across multiple countries or
tailored to multiple different implementation contexts93,202,272, to those built specifically to address
particular policy questions at hand161,256,278. Whist very far from an exhaustive list, Table 4 illustrates
a number of the mathematical models that have been used in informing policy and decision making
at global, regional, national and subnational levels in recent years. For each model, the table sets out
its key usages in policy and decision making, the model type, the approach that was used in
accounting for data uncertainty and fitting to data, and the computing tool that the model was
programmed in.
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Model name

Key usage in policy and decision making

Model type

Approach for assessing
uncertainty and fitting to
data

Programme/
Package

EPP279,280

Used by UNAIDS and countries in
estimating and projecting national HIV
prevalence in countries with generalised
epidemics

Dynamic, compartmental SI
Bayesian, MC Melding
(susceptible, infected) model

Java, R Studio

Spectrum281 (suite of
models including
AIDS Impact Model
(AIM) and Goals)

Used by UNAIDS and countries, in
conjunction with EPP, to estimate national
HIV prevalence, as well as to assess the
consequences (impact, cost) of the HIV
epidemic and assess intervention choices.
Used to inform the Global Fund 2017-2022
Strategy targets and 5th and 6th
replenishment investment cases276,269,68
and UNAIDS Fast Track Strategy69.

AIM is discrete,
compartmental model282

Bayesian, MC methods

Java, Delphi

Imperial College
Model201,202 for subSaharan Africa

Used by researchers and countries to
evaluate the consequences (impact, cost)
of intervention choices on countries’ HIV
epidemics, by population and sub-national
location. Used to inform the Global Fund
2017-2022 Strategy targets and 5th and 6th
replenishment investment cases276,269,68.

Dynamic compartmental
model

Bayesian, LHC methods

Not specified202,201

EMOD (Epidemic
Modelling)283,87,284

Used by researchers to evaluate the
consequences (impact, cost) of
intervention choices on countries’ HIV
epidemics

Discrete, stochastic,
individual-based SIR model

Bayesian methods

C++

Optima272

Used by the World Bank to evaluate the
consequences (impact, cost) of
intervention choices on countries’ HIV

Dynamic, differential
compartmental model, with
force of transmission based

Bayesian methods

MATLAB and
Python

Goals is compartmental,
based on Bayesian risk
formulation273
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epidemics. Used to confirm Spectrum’s
UNAIDS Fast Track Strategy modelling69.

on Bayesian risk
formulation.

Modes of
Used by UNAIDS and countries to evaluate
Transmission285,286,287 the consequences (impact, cost) of HIV
prevention intervention choices

Static, compartmental
model based on Bayesian
risk formulation.

Not calibrated. Uncertainty
assessed using simple
Bayesian approach involving
uniform sampling from userprescribed plausibility ranges

Excel

HIV Synthesis
Model288,289

Used by researchers to evaluate the
consequences (impact, cost) of
intervention choices on countries’ HIV
epidemics

Individual-based, stochastic
model

Approximate Bayesian
Computation methods

SAS

Thembisa290,291

Used by researchers to evaluate the
consequences (impact, cost) of
intervention choices on the South African
HIV epidemic. Also used as data source for
UNAIDS’s South African HIV estimates, and
as demographic projection model for the
country.

Compartmental, discrete
model

Bayesian methods

C++ and Excel/ VBA
versions

13 modelling studies
assessed in
systematic review of
cost-effectiveness of
PrEP197

Modelling evidence used in WHO’s 2016
normative guidance to provide PrEP for all
individuals at substantial risk of HIV85

Of 13 studies, 11
deterministic transmission
models, 2 stochastic Markov
simulations

Various

Various

Modelling studies
assessed in
determination of
WHO’s 2015 and
2016 treat all
Strategy270,85

Modelling evidence used in WHO’s 2015
and 2016 normative guidance to provide
ART for all people living with HIV

Stochastic and deterministic
transmission models
(Granich292); deterministic
transmission (Kato293);
Literature review of 12
studies: 9 deterministic
compartmental, 3 individual-

Various

Various
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based microsimulation
(Eaton et al87)
Table 4: Table illustrating a number of the mathematical models that have been used to inform policy and decision making at global, regional, national and subnational levels in recent
years.
The for each model, the table sets out its key usages in policy and decision making, the type of model, the approach that was used in accounting for data uncertainty and fitting to data, and
the computing tool that the model was programmed in. The models listed in the table are far from exhaustive.
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1.3.5

Challenges in use of models for policy making

A predominant challenge and barrier to the use of models for policy making, as well as cause of
misuse, is a perception that models are too complex to understand; referred to as intimidating ‘black
box’ processes with challenges in assessing their applicability to real-life settings206,210,294–298. These
challenges of model complexity span the models themselves, as well as challenges on the part of
both modellers and policy makers.
Model complexity can come from many sources including the level of heterogeneity captured in the
model (e.g. populations and their interactions, risk factors, program and disease transition
states)206,6,299; the model structure (e.g. simple static models may be more accessible to policy
makers than simple dynamic models, which require a greater level of mathematical
understanding215) and level of sophistication in data uncertainty and calibration tools6,300,301; and the
accessibility of the tool in which the model computations are undertaken (e.g. Excel may be more
accessible than computer programmes that require vast training)210,215. Models that can be more
easily understood, parameterized, run, and correctly interpreted by policy makers themselves, or
with the partial support of modellers, may increase the likelihood of their uptake and use to inform
decision making, as well as ownership by policy makers302,303.
Challenges on the part of the modellers include the need to clearly distil key pieces of information
around model structure, parameterisation and interpretation to ensure that the model being
developed is appropriate to the context and question at hand6,301,234; and appropriately
communicate the meaning and limitations of its results (including alignment with observed data and
the results of other studies) through an approach that is accessible to policy makers that may not
have advanced analytical training206,295,296,301. On the part of policy makers, challenges include the
need to engage with modellers to clearly communicate the rationale, scope and objectives of the
modelling assignment296,301; key epidemiological, population, program and implementation
characteristics that affect the policy question206; as well as availability and quality of data to
parameterise the model, to ensure that the model can be structured appropriately296,304.

Addressing challenges to do with modelling complexity
In recent years, to facilitate the use of models to inform policy making, several frameworks have
been put forward to guide the information exchange and facilitate dialogue between modelers and
policy makers to address these communication challenges206,295–298,303–307.
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Recommendations in the literature around model structural complexity suggest that to improve
uptake in decision making, models should adopt only the minimum level of complexity needed to
appropriately represent the policy question at hand, in view of the availability of data, important
interactions between populations, heterogeneities in risk factors, program and disease transition
states210,306,308–311. Einstein is quoted in stating: ‘‘Everything should be made as simple as possible, but
not simpler’’309. In response to the lack of specificity of existing guidance around the requisite level
of model structural complexity, a 2015 HIV Modelling Consortium dialogue between modellers and
policy makers concluded that there is a need to better understand the minimum level of complexity
to address policy questions295.
Prudden et al. explored the importance of heterogeneity in population grouping according to risk
factor in the context of low level, generalised epidemics, and concluded that the lack of
heterogeneity in UNAIDS’s simple static Modes of Transmission model may underestimate the
importance of different vulnerable groups (e.g. women engaged in transactional sex, and brothelbased vs. non-brothel based FSW) in an HIV reponse285. Mishra et al. also explored the simple, static
model Excel-based Modes of Transmission tool used extensively to prioritise HIV prevention
interventions between groups at country-level285–287 They concluded that because the static model
does not capture the dynamic effects of partner interaction, the model underestimates the
contribution of epidemic drivers to HIV transmission over time286.

When are simple, static models appropriate to guide policy making in HIV?
Simple, static models form the basic building blocks for more complex models209. They can be
manipulated through simple methodological approaches that may be comparatively accessible to
policy makers, and used to deduce broad principles to help guide decision making210,264. They rely on
a snap-shot of data without accounting for the downstream effects of population interaction209,215.
They typically are more straightforward structurally, are less data- and time-intensive to develop,
can often be programmed in simpler programming tools such as Excel209,215. Simple, static models
therefore have appeal for use in policy making, making them easier tool with which to engage policy
makers, and in view of data limitations in implementation contexts302,303.
A key attribute of static models that differentiates them from structurally more complex models is
their lack of ability account for time-dependent changes209,215. Unlike static models, dynamic models
account for changes over time owing to population interactions and evolving contextual
factors215,224. They are usually structurally more complex, have significantly increased data
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requirements and need to be evaluated using more advanced programming tools215,214. As a result,
dynamic model are more time-intensive and costly to develop, usually require assumptions to be
made about relationships and parameters that are not empirically available, and may be less
accessible to policy makers215,224. Dynamic models are extensively used across models to inform
policy making at global, national and sub-national levels87,197,201,202,272,280,281,290,292,293 including the
majority of those set out in Table 4.
To date, there has been limited assessment of the conditions under which simple static models are
robust enough to guide policy making in HIV224,285,286,295. In this vein, as previously stated, Mishra et
al. have assessed the static Modes of Transmission model and concluded that by not capturing the
dynamic effects of partner interaction, the model underestimates the contribution of epidemic
drivers to HIV transmission over time286. Foss et al. have incorporated dynamic features into a static
model of HIV risk when exploring the impact of an STI-efficacious microbicide, and compared the
models’ projections at an end timepoint161,183. They concluded that the static model may over- or
under-state the magnitude of microbicide efficacy depending on the product’s HIV-risk reduction
characteristics and behavioural disinhibition161,183.
To the best of my knowledge, no study has yet examined the extent to which the conclusions of
static models remain robust to the incorporation of dynamic effects when considering the
introduction of a new HIV prevention intervention. Considering the opportunity for mathematical
modelling to address some of the key outstanding questions in relation to PrEP introduction for highrisk women in sub-Saharan Africa, such studies would provide an opportune case study for exploring
the conditions under which static models can provide adequate insights to inform HIV policy making.
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1.4 PhD aims and objectives
1.4.1

Summary of open questions to be addressed by thesis

In view of the urgent need to address the disproportionate and vast scale of new HIV infections
across the spectrum of high-risk women in sub-Saharan Africa as set out in section 1.1, this thesis
aims to address the open policy questions 3 and 4 from section 1.2 that can be directly addressed
through mathematical modelling approaches, and the open methodological question around the
contexts in which static models can provide adequate insights to support policy making concerning
the introduction of a new HIV prevention intervention.
Specifically, this PhD research will aim to use mathematical modelling to inform policy making
around the scale-up of PrEP for high-risk women in sub-Saharan Africa. It will intend to do so by
accounting for the heterogenous behavioural and epidemiologic risk factors and PrEP programme
outcomes across women at a spectrum of risk in sub-Saharan Africa, exploring:
-

The extent to which behavioural disinhibition may outweigh the potential HIV-protective
benefits of PrEP

-

Strategies for scale-up of PrEP across women at a spectrum of risk in sub-Saharan Africa,
weighing impact and cost-effectiveness considerations in resource constrained environments

-

The conditions under which static models remain robust to the incorporation of dynamic model
effects when evaluating the introduction of a new HIV prevention intervention

Accordingly, the aims and objectives of this PhD are set out on the following page.

66

1.4.2 Aim and objectives
Aim: to use mathematical modelling to inform policy making around the scale-up of PrEP for women
across a spectrum of high HIV risk in sub-Saharan Africa, accounting for heterogeneities in HIV risk
factors and potential PrEP programme outcomes

Objectives:
The specific objectives are to:
1. Assess the potential effectiveness of PrEP in reducing HIV infections among high-risk women in
sub-Saharan Africa
2. Explore the extent to which behavioural disinhibition may outweigh the potential benefits of
PrEP
3. Assess the robustness of conclusions made on the basis of static modelling techniques to
incorporation of dynamic effects, to contribute to understanding around the importance of
modelling complexity to inform HIV policy making
4. Explore strategies for the scale-up of PrEP across high-risk women at population-level, weighing
considerations around HIV infection reduction and cost-effectiveness
5. Evaluate strategies for PrEP scale-up in more than one country setting in sub-Saharan Africa, to
explore how the approach to PrEP scale-up may differ by epidemic and implementation context

The next chapter sets out the methods adopted in responding to the aim and objectives of this
thesis.

67

1.5 References for Chapter 1
1.

Faria NR, Rambaut A, Suchard MA, Baele G, Bedford T, Ward MJ, et al. The early spread and
epidemic ignition of HIV-1 in human populations. Science (80- ). 2014 Oct;346(6205):56–61.

2.

De Cock KM, Jaffe HW, Curran JW. The evolving epidemiology of HIV/AIDS. AIDS. 2012
Jun;26(10):1205–13.

3.

Venner CM, Nankya I, Kyeyune F, Demers K, Kwok C, Chen P-L, et al. Infecting HIV-1 Subtype
Predicts Disease Progression in Women of Sub-Saharan Africa. EBioMedicine. 2016
Nov;13:305–14.

4.

UNAIDS. Communities at the Centre: Defending Rights, Breaking Barriers, Reaching People
With HIV Services. Global AIDS Update 2019. Geneva; 2019.

5.

UNAIDS. UNAIDS DATA 2018. 2018.

6.

Vynnycky, E and White, R. An Introduction to Infectious Disease Modelling. 2010.

7.

Keeling, MJ and Rohani P. Modeling Infectious Diseases in Humans and Animals. 2007.

8.

Yi TJ, Shannon B, Prodger J, McKinnon L, Kaul R. Genital immunology and HIV susceptibility in
young women. Am J Reprod Immunol. 2013 Feb;69:74–9.

9.

Chersich M, Rees H. Vulnerability of women in southern Africa to infection with HIV:
biological determinants and priority health sector interventions. AIDS. 2008 Dec;22(Suppl
4):S27–40.

10.

Ramjee G, Daniels B. Women and HIV in Sub-Saharan Africa. AIDS Res Ther. 2013 Dec
13;10(1):30.

11.

Patel P, Borkowf CB, Brooks JT, Lasry A, Lansky A, Mermin J. Estimating per-act HIV
transmission risk: a systematic review. AIDS. 2014;28(10):1509–19.

12.

Zimbabwe National Statistics Agency. Zimbabwe Demographic and Health Survey, 2015.
2016.

13.

Kenya National Bureau of Statistics. Kenya 2014 Demographic and Health Survey. 2015;

14.

Human Science Research Council. South African National HIV Prevalence, Incidence,
Behaviour and Communication Survey, 2017, Summary. 2018.

15.

UNAIDS. Miles To Go Closing Gaps Breaking Barriers Righting Injustices. 2018.

16.

Government of the Kingdom of Eswatini. Swaziland HIV Incidence Measurement Survey 2.
SHIMS2 2016-2017. Final Report. Mbabane: Government of the Kingdom of Eswatini. 2019.

17.

Ministry of Health Malawi. Malawi Population-based HIV Impact Assessment. MPHIA 20152016. Final Report. 2018.

18.

World Health Organization. 2018 Report on global sexually transmitted infection surveillance.
2018.

19.

Torrone EA, Morrison CS, Chen P-L, Kwok C, Francis SC, Hayes RJ, et al. Prevalence of sexually
transmitted infections and bacterial vaginosis among women in sub-Saharan Africa: An
individual participant data meta-analysis of 18 HIV prevention studies. PLoS Med.
2018;15(2):e1002511.

20.

Yah C, Tambo E, Adeagbo O, Magida A. HIV and sexually transmitted co-infections among sex
68

workers in the Southern African economic region. Ann Trop Med Public Heal.
2017;10(5):1128.
21.

Myer L, Kuhn L, Stein ZA, Wright TC, Denny L. Intravaginal practices, bacterial vaginosis, and
women’s susceptibility to HIV infection: epidemiological evidence and biological mechanisms.
Lancet Infect Dis. 2005 Dec 1;5(12):786–94.

22.

Rottingen, JA, Cameron, DW, Garnett G. A Systematic Review of the Epidemiological
Interactions Between Classic Sexually Transmitted Diseases and HIV: How Much Really Is
Known? Sex Transm Dis. 2001;28(10):579–97.

23.

Mbonu NC, van den Borne B, De Vries NK. Stigma of People with HIV/AIDS in Sub-Saharan
Africa: A Literature Review. J Trop Med. 2009 Aug 16;2009.

24.

Eaton, JW, Hallett, TB, and Garnett, GP. Concurrent sexual partnerships and primary HIV
infection: a critical interaction. AIDS Behav. 2011;15(4):687–92.

25.

Maleche A, Day E. Traditional Cultural Practices and HIV: Reconciling Culture and Human
Rights. Working Paper for the Third Meeting of the Technical Advisory Group of the Global
Commission on HIV and the Law, 7-9 July 2011. 2011.

26.

Mabala R. From HIV prevention to HIV protection: addressing the vulnerability of girls and
young women in urban areas. Env Urban . 2006;

27.

Béné C, Merten S. Women and Fish-for-Sex: Transactional Sex, HIV/AIDS and Gender in
African Fisheries. World Dev. 2008 May 1;36(5):875–99.

28.

Dunkle KL, Jewkes RK, Brown HC, Gray GE, McIntryre JA, Harlow SD. Transactional sex among
women in Soweto, South Africa: prevalence, risk factors and association with HIV infection.
Soc Sci Med. 2004 Oct 1;59(8):1581–92.

29.

Wamoyi J, Stobeanau K, Bobrova N, Abramsky T, Watts C. Transactional sex and risk for HIV
infection in sub-Saharan Africa: a systematic review and meta-analysis. J Int AIDS Soc. 2016
Jan 1;19(1):20992.

30.

Gupta GR. How men’s power over women fuels the HIV epidemic. BMJ. 2002 Jan
26;324(7331):183–4.

31.

Kim J, Pronyk P, Barnett T, Watts C. Exploring the role of economic empowerment in HIV
prevention. AIDS. 2008 Dec;22(Suppl 4):S57–71.

32.

Andersson N, Cockcroft A, Shea B. Gender-based violence and HIV: relevance for HIV
prevention in hyperendemic countries of southern Africa. AIDS. 2008 Dec;22(Suppl 4):S73–
86.

33.

Mashiri L. Conceptualisation of Gender Based Violence in Zimbabwe. Vol. 3, International
Journal of Humanities and Social Science. 2013.

34.

Vyas S, Watts C. How does economic empowerment affect women’s risk of intimate partner
violence in low and middle income countries? A systematic review of published evidence. J
Int Dev. 2009 Jul 1;21(5):577–602.

35.

Columbia University. PHIA Project [Internet]. 2019 [cited 2019 Feb 26]. Available from:
https://phia.icap.columbia.edu/countries-overview/

36.

Eisinger RW, Dieffenbach CW, Fauci AS. HIV Viral Load and Transmissibility of HIV Infection.
JAMA. 2019 Feb 5;321(5):451.

69

37.

National AIDS Control Council, Kenya. Kenya HIV Estimates Report 2018. 2018.

38.

Human Sciences Research Council, South Africa. HIV Impact Assessment Summary. 2018.

39.

National AIDS Control Council Kenya. Kenya AIDS Response Progress Report 2018. 2018.

40.

Morris CN, Morris SR, Ferguson AG. Sexual Behavior of Female Sex Workers and Access to
Condoms in Kenya and Uganda on the trans-Africa Highway. AIDS Behav. 2009 Oct
30;13(5):860–5.

41.

Morris CN, Ferguson AG. Estimation of the sexual transmission of HIV in Kenya and Uganda
on the trans-Africa highway: the continuing role for prevention in high risk groups. Sex
Transm Infect. 2006 Oct;82(5):368–71.

42.

Delany-Moretlwe S, Bello B, Kinross P, Oliff M, Chersich M, Kleinschmidt I, et al. HIV
prevalence and risk in long-distance truck drivers in South Africa: a national cross-sectional
survey. International Journal of STDs and AIDS. 2013.

43.

Baltazar CS, Horth R, Inguane C, Sathane I, César F, Ricardo H, et al. HIV Prevalence and Risk
Behaviors Among Mozambicans Working in South African Mines. AIDS Behav. 2015 Feb
15;19(S1):59–67.

44.

Moore AM, Biddlecom AE, Zulu EM. Prevalence and meanings of exchange of money or gifts
for sex in unmarried adolescent sexual relationships in sub-Saharan Africa. Afr J Reprod
Health. 2007 Dec;11(3):44–61.

45.

Leclerc-Madlala S. Transactional Sex and the Pursuit of Modernity. Soc Dyn. 2003
Dec;29(2):213–33.

46.

Dunkle KL, Jewkes R, Nduna M, Jama N, Levin J, Sikweyiya Y, et al. Transactional sex with
casual and main partners among young South African men in the rural Eastern Cape:
prevalence, predictors, and associations with gender-based violence. Soc Sci Med. 2007
Sep;65(6):1235–48.

47.

Baral S, Beyrer C, Muessig K, Poteat T, Wirtz AL, Decker MR, et al. Burden of HIV among
female sex workers in low-income and middle-income countries: a systematic review and
meta-analysis. Lancet Infect Dis. 2012 Jul 1;12(7):538–49.

48.

Dada Y, Milord F, Frost E, Manshande J-P, Kamuragiye A, Youssouf J, et al. The Indian Ocean
paradox revisited: HIV and sexually transmitted infections in the Comoros. Int J STD AIDS.
2007 Sep 25;18(9):596–600.

49.

South African National AIDS Council. SAHMS Survey on female sex workers in South Africa.
2014.

50.

Scorgie F, Chersich MF, Ntaganira I, Gerbase A, Lule F, Lo Y-R. Socio-Demographic
Characteristics and Behavioral Risk Factors of Female Sex Workers in Sub-Saharan Africa: A
Systematic Review. AIDS Behav. 2012 May 13;16(4):920–33.

51.

Grant H, Mukandavire Z, Eakle R, Prudden H, Gomez GB, Rees H, et al. When are declines in
condom use while using PrEP a concern? Modelling insights from a Hillbrow, South Africa
case study. J Int AIDS Soc. 2017;20(1):1–8.

52.

Aklilu M, Messele T, Tsegaye A, Biru T, Mariam DH, van Benthem B, Coutinho R, de Wit TR,
and Fontanet A. Factors associated with HIV-1 infection among sex workers of Addis Ababa,
Ethiopia. AIDS. 2001;15(1):87–96.

53.

Wojcicki JM, Malala J. Condom use, power and HIV/AIDS risk: sex-workers bargain for survival
70

in Hillbrow/Joubert Park/Berea, Johannesburg. Soc Sci Med. 2001 Jul 1;53(1):99–121.
54.

Pettifor AE, Beksinska ME, Rees H. High Knowledge and High Risk Behaviour: A Profile of
Hotel-Based Sex Workers in Inner-City Johannesburg. Afr J Reprod Health. 2000 Oct;4(2):35.

55.

Wang C, Hawes SE, Gaye A, Sow PS, Ndoye I, Manhart LE, et al. HIV prevalence, previous HIV
testing, and condom use with clients and regular partners among Senegalese commercial sex
workers. Sex Transm Infect. 2007 Dec 1;83(7):534–40.

56.

Lowndes CM, Alary M, Labbé A-C, Gnintoungbè C, Belleau M, Mukenge L, et al. Interventions
among male clients of female sex workers in Benin, West Africa: an essential component of
targeted HIV preventive interventions. Sex Transm Infect. 2007 Dec 1;83(7):577–81.

57.

Kayembe PK, Mapatano MA, Busangu AF, Nyandwe JK, Musema GM, Kibungu JP, et al.
Determinants of consistent condom use among female commercial sex workers in the
Democratic Republic of Congo: implications for interventions. Sex Transm Infect. 2008 Jun
1;84(3):202–6.

58.

Luchters S, Chersich MF, Rinyiru A, Barasa M-S, King’ola N, Mandaliya K, et al. Impact of five
years of peer-mediated interventions on sexual behavior and sexually transmitted infections
among female sex workers in Mombasa, Kenya. BMC Public Health. 2008 Dec 29;8(1):143.

59.

Godin G, Tinka Bah A, Sow A, Minani I, Morin D, Alary M. Correlates of Condom Use among
Sex Workers and Their Boyfriends in Three West African Countries. AIDS Behav. 2008 May
21;12(3):441–51.

60.

Garnett GP, Anderson RM. Strategies for limiting the spread of HIV in developing countries:
conclusions based on studies of the transmission dynamics of the virus. J Acquir Immune
Defic Syndr Hum Retrovirology. 1995 Aug 15;9(5):500–13.

61.

Stover J, Walker N, Garnett GP, Salomon JA, Stanecki KA, Ghys PD, et al. Can we reverse the
HIV/AIDS pandemic with an expanded response? Lancet. 2002 Jul 6;360(9326):73–7.

62.

Mukandavire C, Walker J, Schwartz S, Boily M-C, Danon L, Lyons C, et al. Estimating the
contribution of key populations towards the spread of HIV in Dakar, Senegal. 2018;

63.

UNAIDS. Miles to Go: Closing Gaps, Breaking Barriers, Righting Injustices. Global AIDS Update
2018. Geneva; 2018.

64.

UNAIDS. Turning point for Africa — An historic opportunity to end AIDS as a public health
threat by 2030 and launch a new era of sustainability. 2030.

65.

U.S. President’s Emergency Plan for AIDS Relief. Dreaming of an AIDS-Free Future: DREAMS.
2018.

66.

The Global Fund to Fight AIDS Tuberculosis and Malaria. Global Fund Donors Pledge US$14
Billion in Fight to End Epidemics [Internet]. 2019 [cited 2019 Oct 12]. Available from:
https://www.theglobalfund.org/en/news/2019-10-10-global-fund-donors-pledge-usd14billion-in-fight-to-end-epidemics/

67.

Olakunde BO, Adeyinka DA, Ozigbu CE, Ogundipe T, Menson WNA, Olawepo JO, et al.
Revisiting aid dependency for HIV programs in Sub-Saharan Africa. Public Health. 2019 May
1;170:57–60.

68.

The Global Fund to Fight AIDS Tuberculosis and Malaria. Step up the fight: Investment Case
Sixth Replenishment 2019. Geneva; 2019.

69.

UNAIDS. Fast-Track. Ending the AIDS Epidemic by 2030. 2014.
71

70.

World Health Organization. Universal health coverage (UHC) Fact Sheet [Internet]. 2019
[cited 2019 Aug 4]. Available from: https://www.who.int/en/news-room/factsheets/detail/universal-health-coverage-(uhc)

71.

United Nations. Sustainable Development Goals Knowledge Platform [Internet]. 2019 [cited
2019 Aug 4]. Available from: https://sustainabledevelopment.un.org/

72.

United Nations. Millennium Development Goals [Internet]. United Nations; [cited 2019 Aug
4]. Available from: https://www.un.org/millenniumgoals/

73.

World Health Organization. Global Action Plan for healthy lives and well-being for all
[Internet]. 2019 [cited 2019 Sep 29]. Available from: https://www.who.int/sdg/global-actionplan

74.

The Global Fund to Fight AIDS Tuberculosis and Malaria. The Global Fund Strategy 2017-2022.
2017;40.

75.

Jay J, Buse K, Hart M, Wilson D, Marten R, Kellerman S, et al. Building from the HIV Response
toward Universal Health Coverage. PLOS Med. 2016 Aug 16;13(8):e1002083.

76.

Sen, G, for UN Women. Universal Health Coverage, Gender Equality and Social Protection: A
Health Systems Approach. 2018.

77.

Nadjib M, Sucahya PK, Korib M, Oktarina R, Pujiyanto P, Megraini A, et al. Policy options to
integrate HIV services into Social Health Insurance (JKN) in Indonesia. Heal Sci J Indones. 2019
Jul 26;10(1):67–76.

78.

UNAIDS. HIV and universal health coverage — A guide for civil society. 2019.

79.

US. President’s Emergency Plan for AIDS Relief. Strategy for Accelerating HIV/AIDS Epidemic
Control (2017-2020). 2017.

80.

OECD. QWIDS - Query Wizard for International Development Statistics: ODA Commitments
2005-2016 [Internet]. [cited 2019 Aug 4]. Available from:
https://stats.oecd.org/qwids/#?x=3&y=6&f=2:262,4:1,7:2,9:85,5:4,8:85,1:14&q=2:262+4:1+7
:2+9:85+5:4+8:85+1:3,4,5,6,58,7,8,9,10,11,59,60,12,13,14,61,15,16,17,18,62,19,63,20,21,22,
23,24,36+3:38,75+6:2005,2006,2007,2008,2009,2010,2011,2012,2013,2014,2015,2016

81.

Kickbusch I, Franz C, Holzscheiter A, Hunger I, Jahn A, Köhler C, et al. Germany’s expanding
role in global health. Lancet (London, England). 2017 Aug 26;390(10097):898–912.

82.

Sundewall J, Engstrand P, Nordström A. Swedish development assistance for health: critical
questions to ask going forward. Lancet Glob Heal. 2018 Mar 1;6(3):e242–3.

83.

Institute for Health Metrics and Evaluation U of W. Financing Global Health 2017: Funding
Universal Health Coverage and the Unfinished HIV/AIDS Agenda. 2018.

84.

Dieleman JL, Schneider MT, Haakenstad A, Singh L, Sadat N, Birger M, et al. Development
assistance for health: past trends, associations, and the future of international financial flows
for health. Lancet. 2016 Jun 18;387(10037):2536–44.

85.

World Health Organisation. Consolidated guidelines on the use of antiretroviral drugs for
treating and preventing HIV infection Recommendations for a public health approach Second edition. 2016.

86.

Cohen MS, Chen YQ, McCauley M, Gamble T, Hosseinipour MC, Kumarasamy N, et al.
Antiretroviral Therapy for the Prevention of HIV-1 Transmission. N Engl J Med. 2016 Sep
18;375(9):830–9.
72

87.

Eaton JW, Menzies NA, Stover J, Cambiano V, Chindelevitch L, Cori A, et al. Health benefits,
costs, and cost-effectiveness of earlier eligibility for adult antiretroviral therapy and
expanded treatment coverage: a combined analysis of 12 mathematical models. Lancet Glob
Heal. 2014 Jan 1;2(1):e23–34.

88.

Kato M, Granich R, Bui DD, Tran H V., Nadol P, Jacka D, et al. The Potential Impact of
Expanding Antiretroviral Therapy and Combination Prevention in Vietnam. JAIDS J Acquir
Immune Defic Syndr. 2013 Aug 15;63(5):e142–9.

89.

He N, Duan S, Ding Y, Rou K, McGoogan JM, Jia M, et al. Antiretroviral Therapy Reduces HIV
Transmission in Discordant Couples in Rural Yunnan, China. Graham SM, editor. PLoS One.
2013 Nov 13;8(11):e77981.

90.

Shelton JD, Herbst AJ, Newell M-L, Bärnighausen T, Newell M-L. High Coverage of ART
Associated with Decline in Risk of HIV Acquisition in Rural KwaZulu-Natal, South Africa.
Science (80- ). 2011 Dec 23;334(6063):1645–6.

91.

Stover J, Gopalappa C, Mahy M, Doherty MC, Easterbrook PJ, Weiler G, et al. The impact and
cost of the 2013 WHO recommendations on eligibility for antiretroviral therapy. AIDS. 2014
Mar;28:S225–30.

92.

UNAIDS. 90-90-90: An ambitious treatment target to help end the AIDS epidemic. 2014.

93.

Stover J, Bollinger L, Izazola JA, Loures L, DeLay P, Ghys PD, et al. What Is Required to End the
AIDS Epidemic as a Public Health Threat by 2030? The Cost and Impact of the Fast-Track
Approach. PLoS One. 2016;11(5):e0154893.

94.

The Global Fund to Fight AIDS, Tuberculois, and Malaria. The Global Fund: Grant Overview
[Internet]. 2019 [cited 2019 Aug 4]. Available from:
https://www.theglobalfund.org/en/portfolio/

95.

Ward H, Garnett GP, Mayer KH, Dallabetta GA. Maximizing the impact of HIV prevention
technologies in sub‐Saharan Africa. J Int AIDS Soc. 2019 Jul 22;22(S4).

96.

Hayes RJ, Donnell D, Floyd S, Mandla N, Bwalya J, Sabapathy K, et al. Effect of Universal
Testing and Treatment on HIV Incidence — HPTN 071 (PopART). N Engl J Med. 2019 Jul
18;381(3):207–18.

97.

D. Havlir, E. Charlebois, L. Balzer, T. Clark, D. Kwarisiima, J. Ayieko, J. Kabami, N. Sang, T.
Liegler, G. Chamie, C. Camlin, K. Kadede, A. Mucunguzi et al. SEARCH community cluster
randomized study of HIV “test and treat” using multi- disease approach and streamlined care
in rural Uganda and Kenya. In: AIDS 2018. 2018.

98.

Abdool Karim SS. HIV-1 Epidemic Control — Insights from Test-and-Treat Trials. N Engl J Med.
2019 Jul 18;381(3):286–8.

99.

The Global Fund to Fight AIDS Tuberculosis and Malaria. The Global Fund Results Report
2018: 27 Million Lives Saved. 2018.

100.

Izazola-Licea, JA, and Mattur D. Better targeting of existing investments in prevention is
needed to focus on interventions with proven impact: Prevention resources need to double
by 2020 to reach Fast Track targets. In: AIDS 2018. 2018.

101.

UNAIDS. UNAIDS Terminology Guidelines - 2015. 2015.

102.

World Health Organization. Consolidated Guidelines on HIV Prevention, Diagnosis, Treatment
and Care for Key Populations. Geneva; 2014.
73

103.

World Health Organization. Guideline on when to start antiretroviral therapy and on preexposure prophylaxis for HIV. 2015.

104.

UNAIDS Gap Report 2014. Geneva: UNAIDS. 2014;

105.

Grant, RM, Lama, JR, Anderson, PL, McMahan, V, Liu, AY, Vargas, L, Goicochea, P, Casapía, M,
Guanira-Carranza, JV, and Ramirez-Cardich, M E. Preexposure chemoprophylaxis for HIV
prevention in men who have sex with men. N Engl J Med. 363(10):2587–99.

106.

Choopanya, K., Martin, M., Suntharasamai, P., Sangkum, U., Mock, P. A., Leethochawalit, M.,
Chiamwongpaet, S., Kitisin, P., Natrujirote, P. & Kittimunkong S. Antiretroviral prophylaxis for
HIV infection in injecting drug users in Bangkok, Thailand (the Bangkok Tenofovir Study): a
randomised, double-blind, placebo-controlled phase 3 trial. Lancet. 2013;381:2083–90.

107.

Van Damme, L, Corneli, A, Ahmed, K, Agot, K, Lombaard, J, Kapiga, S, Malahleha, M, Owino, F,
Manongi, R, and Onyango J. Preexposure prophylaxis for HIV infection among African women.
N Engl J Med. 2012;367:411–22.

108.

Marrazzo JM, Ramjee G, Richardson BA, Gomez K, Mgodi N, Nair G, et al. Tenofovir-Based
Preexposure Prophylaxis for HIV Infection among African Women. N Engl J Med. 2015 Feb
5;372(6):509–18.

109.

Baeten JM, Donnell D, Ndase P, Mugo NR, Campbell JD, Wangisi J, et al. Antiretroviral
prophylaxis for HIV prevention in heterosexual men and women. N Engl J Med. 2012 Aug
2;367(5):399–410.

110.

Thigpen MC, Kebaabetswe PM, Paxton LA, Smith DK, Rose CE, Segolodi TM, et al.
Antiretroviral Preexposure Prophylaxis for Heterosexual HIV Transmission in Botswana. N
Engl J Med. 2012 Aug 2;367(5):423–34.

111.

Haberer JE. Current concepts for PrEP adherence in the PrEP revolution: from clinical trials to
routine practice. Curr Opin HIV AIDS. 2016 Jan;11(1):10–7.

112.

World Health Organization. Guidance on oral pre‐exposure prophylaxis (PrEP) for
serodiscordant couples, men and transgender women who have sex with men at high risk of
HIV: recommendations for use in the context of demonstration projects. Geneva; 2012.

113.

World Health Organization. Consolidated Guidelines on the Use of Antiretroviral Drugs for
Treating and Preventing HIV Infection. Geneva; 2013.

114.

Baeten JM, Haberer JE, Liu AY, Sista N. Preexposure prophylaxis for HIV prevention: where
have we been and where are we going? J Acquir Immune Defic Syndr. 2013 Jul;63 Suppl 2(0
2):S122-9.

115.

Grant, RM, Anderson, PL, McMahan, V, Liu, A, Amico, KR, and Mehrotra M. Results of the
iPrEx open-label extension (iPrEx OLE) in men and transgender women who have sex with
men: PrEP uptake, sexual practices, and HIV incidence. In: 20th International AIDS
Conference. Melbourne; 2014.

116.

Haberer J, Kidoguchi L, Heffron R, Mugo N, Bukusi E, Katabira E, et al. Alignment of adherence
and risk for HIV acquisition in a demonstration project of pre-exposure prophylaxis among
HIV serodiscordant couples in Kenya and Uganda: a prospective analysis of preventioneffective adherence. J Int AIDS Soc. 2017;20:21842.

117.

Grant RM, Liegler T, Defechereux P, Kashuba ADM, Taylor D, Abdel-Mohsen M, et al. Drug
resistance and plasma viral RNA level after ineffective use of oral pre-exposure prophylaxis in
women. AIDS. 2015 Jan;29(3):331–7.
74

118.

Cottrell ML, Yang KH, Prince HMA, Sykes C, White N, Malone S, et al. A Translational
Pharmacology Approach to Predicting HIV Pre-Exposure Prophylaxis Outcomes in Men and
Women Using Tenofovir Disoproxil Fumarate ± Emtricitabine Downloaded from. Vol. 9,
Journal of Infectious Diseases Advance Access. 2016.

119.

Grant R. Review of Non-Daily PrEP Clinical Research and Experience. In: International AIDS
Society. 2017.

120.

AVAC Global Advocacy for HIV Prevention. Ongoing and Planned PrEP Open Label,
Demonstration and Implementation Projects [Internet]. 2019 [cited 2019 Aug 14]. Available
from: https://www.avac.org/sites/default/files/resourcefiles/ongoing_planned_oralPrEP_studies_april2019.pdf

121.

Ministry of Health and Child Care. Implementation Plan for HIV Pre-Exposure Prophylaxis in
Zimbabwe 2018-2020.

122.

NASCOP, Ministry of Health K. Framework for the Implementation of Pre-exposure
Prophylaxis of HIV in Kenya. 2017.

123.

Department of Health: Republic of South Africa. Guidelines for Expanding Combination
Prevention and Treatment Options for Sex Workers: Oral Pre-Exposure Prophylaxis (PrEP) and
Test and Treat (T&T). Final draft: 11 May 2016. 2016.

124.

Fonner VA, Dalglish SL, Kennedy CE, Baggaley R, O’Reilly KR, Koechlin FM, et al. Effectiveness
and safety of oral HIV preexposure prophylaxis for all populations. AIDS. 2016;30(12):1973–
83.

125.

Lehman DA, Baeten JM, McCoy CO, Weis JF, Peterson D, Mbara G, et al. Risk of Drug
Resistance Among Persons Acquiring HIV Within a Randomized Clinical Trial of Single- or
Dual-Agent Preexposure Prophylaxis. J Infect Dis. 2015 Jan 13;211(8):1211–8.

126.

Phillips A, Nakagawa F, Cambiano V, Homan R, Rehle T, Meyer-Rath G, et al. Potential
effectiveness and cost effectiveness of condomless sex targeted PrEP in KZN, South Africa:
considerations of drug resistance, ART regimen and HIV testing frequency. In: AIDS 2018.

127.

Liu A, Colfax G, Cohen S, Bacon O, Kolber M, Amico K, et al. The Spectrum of Engagement in
HIV Prevention: Proposal for a PrEP cascade.

128.

Parsons JT, Rendina HJ, Lassiter JM, Whitfield THF, Starks TJ, Grov C. Uptake of HIV PreExposure Prophylaxis (PrEP) in a National Cohort of Gay and Bisexual Men in the United
States. J Acquir Immune Defic Syndr. 2017;74(3):285–92.

129.

Cowan FM, Davey CB, Fearon E, Mushati P, Dirawo J, Cambiano V, et al. The HIV Care Cascade
Among Female Sex Workers in Zimbabwe. Results of a Population-Based Survey From the
Sisters Antiretroviral Therapy Programme for Prevention of HIV, an Integrated Response
(SAPPH-IRe) Trial. JAIDS J Acquir Immune Defic Syndr. 2017 Apr;74(4):375–82.

130.

Krakower DS, Mayer KH. Pre-Exposure Prophylaxis to Prevent HIV Infection: Current Status,
Future Opportunities and Challenges. Drugs. 2015 Feb 12;75(3):243–51.

131.

Heffron R, Ngure K, Semiyaga NB, Odoyo J, Tindimwebwa E, Morton J, et al. Sustained PrEP
use among high-risk African HIV serodiscordant couples participating in a PrEP demonstration
project.

132.

World Health Organization. Guidance on Pre-Exposure Oral Prophylaxis (PrEP) for
Serodiscordant Couples, Men and Transgender Women Who Have Sex with Men at High Risk
of HIV: Recommendations for Use in the Context of Demonstration Projects. 2016.
75

133.

Grant RM, Anderson PL, McMahan V, Liu A, Amico KR, Mehrotra M, et al. Uptake of preexposure prophylaxis, sexual practices, and HIV incidence in men and transgender women
who have sex with men: a cohort study. Lancet Infect Dis. 2014 Sep 1;14(9):820–9.

134.

Kyongo J. How long will they take it? Oral pre-exposure prophylaxis (PrEP) retention for
female sex workers, men who have sex with men and young women in a demonstration
project in Kenya. In: 22nd International AIDS Conference. Amsterdam; 2018.

135.

Martin, Mt, Vanichseni, S, Suntharasamai, P, Sangkum, U, Mock, P, Leethochawalit, M,
Chiamwongpaet, S, Kittimunkong, S, Curlin, M, and Choopanya K. Preliminary Follow-up of
Injecting Drug Users Receiving Preexposure Prophylaxis | CROI Conference. In: CROI. Seattle;
2015.

136.

Cowan FM, Delany-Moretlwe S, Sanders EJ, Mugo NR, Guedou FA, Alary M, et al. PrEP
implementation research in Africa: what is new? J Int AIDS Soc. 2016 Oct 18;19(7 (Suppl 6)).

137.

Eakle R, Gomez GB, Naicker N, Bothma R, Mbogua J, Cabrera Escobar MA, et al. HIV preexposure prophylaxis and early antiretroviral treatment among female sex workers in South
Africa: Results from a prospective observational demonstration project. Bekker L-G, editor.
PLOS Med. 2017 Nov 21;14(11):e1002444.

138.

Cowan FM, Davey C, Fearon E, Mushati P, Dirawo J, Chabata S, et al. Targeted combination
prevention to support female sex workers in Zimbabwe accessing and adhering to
antiretrovirals for treatment and prevention of HIV (SAPPH-IRe): a cluster-randomised trial.
Lancet HIV. 2018 Aug 1;5(8):e417–26.

139.

Diouf AO, Sarr M, Gueye D, Mane M, Mboup A, Toure Kane C, et al. Retention in care for HIV
pre-exposure prophylaxis (PrEP) among sex workers of four public health centers in Senegal
PRESENTER Moussa Sarr. In: AIDS 2018. 2018.

140.

Mboup A, Béhanzin L, Guédou FA, Geraldo N, Goma-Matsétsé E, Giguère K, et al. Early
antiretroviral therapy and daily pre-exposure prophylaxis for HIV prevention among female
sex workers in Cotonou, Benin: a prospective observational demonstration study. J Int AIDS
Soc. 2018 Nov 1;21(11):e25208.

141.

Kyongo J, Kiragu M, Karuga R. How long will they take it? Oral pre-exposure prophylaxis
(PrEP) retention for female sex workers, men who have sex with men and young women in a.
In: AIDS 2018. 2018.

142.

Delany-Moretlwe S, Chersich M, Harvey S, Stangl A, Baron D, Columbini M, et al.
Empowerment clubs did not increase PrEP continuation among adolescent girls and young
women in South Africa and Tanzania-Results from the EMPOWER randomised trial. In: AIDS
2018.

143.

Bekker L-G, Roux S, Sebastien E, Yola N, Amico KR, Hughes JP, et al. Daily and non-daily preexposure prophylaxis in African women (HPTN 067/ADAPT Cape Town Trial): a randomised,
open-label, phase 2 trial. Lancet HIV. 2018 Feb 1;5(2):e68–78.

144.

Lahuerta M, Zerbe A, Baggaley R, Falcao J, Ahoua L, DiMattei P, et al. Feasibility, Acceptability,
and Adherence with Short-Term HIV Preexposure Prophylaxis in Female Sexual Partners of
Migrant Miners in Mozambique. J Acquir Immune Defic Syndr. 2017;76(4):343–7.

145.

Mayer CM, Owaraganise A, Kabami J, Kwarisiima D, Koss CA, Charlebois ED, et al. Distance to
clinic is a barrier to PrEP uptake and visit attendance in a community in rural Uganda. J Int
AIDS Soc. 2019 Apr 29;22(4):e25276.

146.

Mugwanya, K, Kinuthia, J, Pintye, J, Dettinger, JC, Begnel, E, Abuna, F, Lagat, H, Sila, J, John76

Stewart, G, Baeten J. Persistence with PrEP use in African Adolescents and Young Women
initiating PrEP in Maternal Child Health and Family Planning Clinics. In: CROI. 2019.
147.

Hargreaves JR, Delany-Moretlwe S, Hallett TB, Johnson S, Kapiga S, Bhattacharjee P, et al. The
HIV prevention cascade: integrating theories of epidemiological, behavioural, and social
science into programme design and monitoring. Lancet HIV. 2016 Jul 1;3(7):e318–22.

148.

Hodges-Mameletzis I, Fonner VA, Dalal S, Mugo N, Msimanga-Radebe B, Baggaley R. PreExposure Prophylaxis for HIV Prevention in Women: Current Status and Future Directions.
Drugs. 2019 Aug 15;79(12):1263–76.

149.

Machado DM, de Sant’Anna Carvalho AM, Riera R. Adolescent pre-exposure prophylaxis for
HIV prevention: current perspectives. Adolesc Health Med Ther. 2017;8:137–48.

150.

Mugo NR, Ngure K, Kiragu M, Irungu E, Kilonzo N. The preexposure prophylaxis revolution;
from clinical trials to programmatic implementation. Curr Opin HIV AIDS. 2016 Jan;11(1):80–
6.

151.

Molina JM, Capitant C, Spire B, Pialoux G CC, Charreau I, Tremblay C, Meyer L DJ. On Demand
PrEP with Oral TDF/FTC in MSM Results of the ANRS Ipergay Trial. In: CROI. 2015.

152.

Anderson PL, García-Lerma JG, Heneine W. Nondaily preexposure prophylaxis for HIV
prevention. Curr Opin HIV AIDS. 2016 Jan;11(1):94–101.

153.

PrEP Watch. Dapivirine Vaginal Ring - Where we are today [Internet]. Available from:
https://www.prepwatch.org/nextgen-prep/dapivirine-vaginal-ring/

154.

Nel A. Safety, Adherence and HIV-1 Seroconversion in DREAM – An Open-label Dapivirine
Vaginal Ring Trial. In: 9th South African AIDS Conference. 2019.

155.

Nel A, van Niekerk N, Kapiga S, Bekker L-G, Gama C, Gill K, et al. Safety and Efficacy of a
Dapivirine Vaginal Ring for HIV Prevention in Women. N Engl J Med. 2016 Dec
30;375(22):2133–43.

156.

HIV Prevention Trials Network. HPTN 083 A Phase 2b/3 Double Blind Safety and Efficacy
Study of Injectable Cabotegravir Compared to Daily Oral Tenofovir Disoproxil
Fumarate/Emtricitabine (TDF/FTC), For Pre-Exposure Prophylaxis in HIV-Uninfected Cisgender
Men and Transgender Women who have Sex with Men. 2018.

157.

HIV Prevention Trials Network. HPTN 084: A Phase 3 Double Blind Safety and Efficacy Study of
Long-Acting Injectable Cabotegravir Compared to Daily Oral TDF/FTC for Pre-Exposure
Prophylaxis in HIV-Uninfected Women. 2017.

158.

Calabrese SK, Earnshaw VA, Underhill K, Hansen NB, Dovidio JF. The Impact of Patient Race
on Clinical Decisions Related to Prescribing HIV Pre-Exposure Prophylaxis (PrEP): Assumptions
About Sexual Risk Compensation and Implications for Access. AIDS Behav. 2014 Feb
24;18(2):226–40.

159.

Mack N, Evens EM, Tolley EE, Brelsford K, Mackenzie C, Milford C, et al. The importance of
choice in the rollout of ARV-based prevention to user groups in Kenya and South Africa: a
qualitative study. J Int AIDS Soc. 2014 Sep 8;17(3(Suppl 2)).

160.

Corneli A, Namey E, Ahmed K, Agot K, Skhosana J, Odhiambo J, et al. Motivations for
Reducing Other HIV Risk-Reduction Practices if Taking Pre-Exposure Prophylaxis: Findings
from a Qualitative Study Among Women in Kenya and South Africa. AIDS Patient Care STDS.
2015 Sep 24;29(9):503–9.

161.

Foss AM, Vickerman PT, Heise L, Watts CH. Shifts in condom use following microbicide
77

introduction: Should we be concerned? AIDS. 2003;17(8):1227–37.
162.

Karmon E, Potts M, Getz WM. Microbicides and HIV: Help or Hindrance? J Acquir Immune
Defic Syndr. 2003;34(1):71–5.

163.

Eaton LA, Kalichman SC. Risk compensation in HIV prevention: Implications for vaccines,
microbicides, and other biomedical HIV prevention technologies. Curr HIV/AIDS Rep. 2007
Nov 7;4(4):165–72.

164.

Peltzer K, Simbayi L, Jooste S, Banyini M, Kekana Q. Adaptation of an HIV behavioural
disinhibition risk reduction intervention for recently circumcised South African men.

165.

Venkatesh KK, Flanigan TP, Mayer KH. Is expanded HIV treatment preventing new infections?
Impact of antiretroviral therapy on sexual risk behaviors in the developing world. AIDS. 2011
Oct;25(16):1939–49.

166.

Wilson DP. HIV Treatment as Prevention: Natural Experiments Highlight Limits of
Antiretroviral Treatment as HIV Prevention. Bartlett J, editor. PLoS Med. 2012 Jul
10;9(7):e1001231.

167.

Shamu, P, Pillay, D, Jenkins, S, Murire, M, Stankevitz; K, Lanham, M, Ridgeway K, and Mullick,
S. Condom and oral PrEP use among female sex workers: Findings from a study in South
Africa. J Int AIDS Soc. 2019 Jul 24;22(S5).

168.

Young I, Flowers P, McDaid LM. Barriers to uptake and use of pre-exposure prophylaxis (PrEP)
among communities most affected by HIV in the UK: findings from a qualitative study in
Scotland. BMJ Open. 2014 Nov 20;4(11):e005717.

169.

Hawkins K, Price N, Mussá F. Milking the cow: Young women’s construction of identity and
risk in age-disparate transactional sexual relationships in Maputo, Mozambique. Glob Public
Health. 2009 Mar;4(2):169–82.

170.

Cohen, MS, and Baden L. Preexposure prophylaxis for HIV—where do we go from here? N
Engl J Med. 2012;(367):459–61.

171.

Van der Elst, E, Mbogua, J, Operario, D, Mutua, G, Kuo, C, Mugo, P, Kanungi, J, Singh, S,
Haberer, J, Priddy, F and Sanders, E. High Acceptability of HIV Pre-exposure Prophylaxis but
Challenges in Adherence and Use: Qualitative Insights from a Phase I Trial of Intermittent and
Daily PrEP in At-Risk Populations in Kenya. AIDS Behav. 2013;(17):2162–72.

172.

Volk JE, Marcus JL, Phengrasamy T, Blechinger D, Nguyen DP, Follansbee S, et al. No New HIV
Infections With Increasing Use of HIV Preexposure Prophylaxis in a Clinical Practice Setting:
Figure 1. Clin Infect Dis. 2015 Nov 15;61(10):1601–3.

173.

Gafos M, Horne R, Nutland W, Bell G, Rae C, Wayal S, et al. The Context of Sexual Risk
Behaviour Among Men Who Have Sex with Men Seeking PrEP, and the Impact of PrEP on
Sexual Behaviour. AIDS Behav. 2019 Jul 10;23(7):1708–20.

174.

Traeger MW, Schroeder SE, Wright EJ, Hellard ME, Cornelisse VJ, Doyle JS, et al. Effects of
Pre-exposure Prophylaxis for the Prevention of Human Immunodeficiency Virus Infection on
Sexual Risk Behavior in Men Who Have Sex With Men: A Systematic Review and Metaanalysis. Clin Infect Dis.

175.

Audsley J, Murphy DA, Fairley C. Medication adherence, condom use and sexually
transmitted infections in Australian PrEP users: interim results from the Victorian PrEP
Demonstration Project Vaccination for HPV among MSM View project Melbourne Injecting
Cohort Study View project Mark A Stoove Burnet Institute. AIDS. 2017;
78

176.

Holt M, Lea T, Mao L, Kolstee J, Zablotska I, Duck T, et al. Community-level changes in
condom use and uptake of HIV pre-exposure prophylaxis by gay and bisexual men in
Melbourne and Sydney, Australia: results of repeated behavioural surveillance in 2013–17.
Lancet HIV. 2018 Aug;5(8):e448–56.

177.

Blumenthal J, Haubrich RH. Will risk compensation accompany pre-exposure prophylaxis for
HIV? Virtual Mentor. 2014 Nov 1;16(11):909–15.

178.

Paltiel AD, Freedberg KA, Scott CA, Schackman BR, Losina E, Wang B, et al. HIV Preexposure
Prophylaxis in the United States: Impact on Lifetime Infection Risk, Clinical Outcomes, and
Cost‐Effectiveness. Clin Infect Dis. 2009 Mar 15;48(6):806–15.

179.

Vissers DCJ, Voeten HACM, Nagelkerke NJD, Habbema JDF, de Vlas SJ. The Impact of PreExposure Prophylaxis (PrEP) on HIV Epidemics in Africa and India: A Simulation Study.
Maartens G, editor. PLoS One. 2008 May 7;3(5):e2077.

180.

Pretorius C, Stover J, Bollinger L, Bacaër N, Williams B. Evaluating the Cost-Effectiveness of
Pre-Exposure Prophylaxis (PrEP) and Its Impact on HIV-1 Transmission in South Africa. Myer L,
editor. PLoS One. 2010 Nov 5;5(11):e13646.

181.

Hallett TB, Baeten JM, Heffron R, Barnabas R, de Bruyn G, Cremin Í, et al. Optimal Uses of
Antiretrovirals for Prevention in HIV-1 Serodiscordant Heterosexual Couples in South Africa: A
Modelling Study. Salomon JA, editor. PLoS Med. 2011 Nov 15;8(11):e1001123.

182.

Cremin I, Morales F, Jewell BL, O’Reilly KR, Hallett TB. Seasonal PrEP for partners of migrant
miners in southern Mozambique: a highly focused PrEP intervention. J Int AIDS Soc.
2015;18(4 Suppl 3):19946.

183.

Foss AM, Vickerman PT, Alary M, Watts CH. How much could a microbicide’s sexually
transmitted infection efficacy contribute to reducing HIV risk and the level of condom use
needed to lower risk? Model estimates. Sex Transm Infect. 2009 Aug 1;85(4):276–82.

184.

Department of Health: Republic of South Africa. National Policy on HIV Pre-exposure
Prophylaxis (PrEP) and Test and Treat (T&T). 2016.

185.

Kenya Ministry of Health; Kenya National AIDS and STI Control Programme. Framework for
the Implementation of Pre-Exposure Prophylaxis of HIV In Kenya. 2017;1–84.

186.

Cáceres CF, O’Reilly KR, Mayer KH, Baggaley R. PrEP implementation: moving from trials to
policy and practice. J Int AIDS Soc. 2015 Jul 20;18(4 (Suppl 3)).

187.

Ministry of Health of Zambia. Zambia Consolidated Guidelines for Prevention and Treatment
of HIV Infection. 2018.

188.

PrEP Watch. Country Updates – PrEPWatch [Internet]. [cited 2019 Aug 16]. Available from:
https://www.prepwatch.org/in-practice/country-updates/

189.

National Ministry of Health K. 2010–2011 Integrated biological and behavioural surveillance
survey among key populations in Nairobi and Kisumu, Kenya. 2014.

190.

International Organization for Migration. Integrated Biological and Behavioural Surveillance
Survey among Migrant Female Sex Workers in Nairobi, Kenya. 2010.

191.

Human Sciences Research Council SA. South African National HIV Prevalence, Incidence,
Behaviour and Communication Survey 2017 - Launch Presentation. 2018.

192.

Ministry of Health and Child Care, Zimbabwe. Zimbabwe Population-Based HIV Impact
Assessment: ZIMPHIA 2016. 2017.
79

193.

Wilton J, Kain T, Fowler S, Hart TA, Grennan T, Maxwell J, et al. Use of an HIV-risk screening
tool to identify optimal candidates for PrEP scale-up among men who have sex with men in
Toronto, Canada: disconnect between objective and subjective HIV risk. J Int AIDS Soc. 2016
Jan 1;19(1):20777.

194.

Krakower DS, Mayer KH. The role of healthcare providers in the roll out of preexposure
prophylaxis. Curr Opin HIV AIDS. 2016 Jan;11(1):41–8.

195.

Rivet Amico K, Bekker L-G. Global PrEP roll-out: recommendations for programmatic success.
lancet HIV. 2019 Feb 1;6(2):e137–40.

196.

Hankins C, Macklin R, Warren M. Translating PrEP effectiveness into public health impact: key
considerations for decision-makers on cost-effectiveness, price, regulatory issues, distributive
justice and advocacy for access. J Int AIDS Soc. 2015 Jul 20;18(4 (Suppl 3)).

197.

Gomez GB, Borquez A, Case KK, Wheelock A, Vassall A, Hankins C. The Cost and Impact of
Scaling Up Pre-exposure Prophylaxis for HIV Prevention: A Systematic Review of CostEffectiveness Modelling Studies. Salomon JA, editor. PLoS Med. 2013 Mar 12;10(3):e1001401.

198.

Walensky RP, Park J-E, Wood R, Freedberg KA, Scott CA, Bekker L-G, et al. The Costeffectiveness of Pre-Exposure Prophylaxis for HIV Infection in South African Women. Clin
Infect Dis. 2012 May 15;54(10):1504–13.

199.

Mitchell KM, Lépine A, Terris-Prestholt F, Torpey K, Khamofu H, Folayan MO, et al. Modelling
the impact and cost-effectiveness of combination prevention amongst HIV serodiscordant
couples in Nigeria. AIDS. 2015 Sep 24;29(15):2035–44.

200.

Schnure, M, Kripke, K, Forsythe, S, Hamilton, M, Dent, J, Reidy, M, Glaubius, R, Castor, D,
Pretorius, C. Oral Pre-Exposure Prophylaxis (PrEP) modeling for strategic planning: Results
from thirteen countries. In: AIDS 2018. 2018.

201.

McGillen JB, Anderson S-J, Dybul MR, Hallett TB. Optimum resource allocation to reduce HIV
incidence across sub-Saharan Africa: a mathematical modelling study. Lancet HIV. 2016 Sep
1;3(9):e441–8.

202.

Anderson S-J, Cherutich P, Kilonzo N, Cremin I, Fecht D, Kimanga D, et al. Maximising the
effect of combination HIV prevention through prioritisation of the people and places in
greatest need: a modelling study. Lancet. 2014 Jul 19;384(9939):249–56.

203.

Bekker L-G, Johnson L, Cowan F, Overs C, Besada D, Hillier S, et al. Combination HIV
prevention for female sex workers: what is the evidence? Lancet. 2015 Jan 3;385(9962):72–
87.

204.

Mukandavire Z, Mitchell KM, Vickerman P. Comparing the impact of increasing condom use
or HIV pre-exposure prophylaxis (PrEP) use among female sex workers. Epidemics. 2016 Mar
1;14:62–70.

205.

McGillen JB, Anderson S-J, Hallett TB. PrEP as a feature in the optimal landscape of
combination HIV prevention in sub-Saharan Africa. J Int AIDS Soc. 2016 Oct 18;19(7 (Suppl 6)).

206.

Johnson, LF, and White, PJ. A review of mathematical models of HIV/AIDS interventions and
their implications for policy. Sex Transm Infect. 2011 Dec 16;87(7):629–34.

207.

Garnett GP, Cousens S, Hallett TB, Steketee R, Walker N. Mathematical models in the
evaluation of health programmes. Lancet. 2011 Aug 6;378(9790):515–25.

208.

Penny MA, Verity R, Bever CA, Sauboin C, Galactionova K, Flasche S, et al. Public health
impact and cost-effectiveness of the RTS,S/AS01 malaria vaccine: a systematic comparison of
80

predictions from four mathematical models. Lancet. 2016 Jan 23;387(10016):367–75.
209.

Vynnycky, E and White, R. An introduction to infectious disease modelling. Oxford University
Press; 2010.

210.

Garnett GP. An introduction to mathematical models in sexually transmitted disease
epidemiology. Sex Transm Infect. 2002 Feb 1;78(1):7–12.

211.

Roy Anderson. Mathematical and statistical studies of the epidemiology of HIV. AIDS.
1989;3:333–46.

212.

Nagelkerke NJD, Arora P, Jha P, Williams B, McKinnon L, de Vlas SJ. The rise and fall of HIV in
high-prevalence countries: a challenge for mathematical modeling. PLoS Comput Biol. 2014
Mar;10(3):e1003459.

213.

Feng Z. Applications of Epidemiological Models to Public Health Policymaking. World
Scientific; 2014.

214.

Lugnér AK, Mylius SD, Wallinga J. Dynamic versus static models in cost-effectiveness analyses
of anti-viral drug therapy to mitigate an influenza pandemic. Health Econ. 2009
May;19(5):n/a-n/a.

215.

Pitman R, Fisman D, Zaric GS, Postma M, Kretzschmar M, Edmunds J, et al. Dynamic
Transmission Modeling. Med Decis Mak. 2012 Sep 18;32(5):712–21.

216.

Allard R. A family of mathematical models to describe the risk of infection by a sexually
transmitted agent. Epidemiol . 1990;1(1):30–3.

217.

Pinkerton, SD, Abramson P. The Bernoulli process model of HIV transmission: applications
and implications. In: Holtgrave DR, editors Handbook of economic evaluation of HIV
Prevention programs. New York: Plenum Press; 1998. 13–32 p.

218.

Bell DC, Trevino RA. Modeling HIV risk. J Acquir Immune Defic Syndr. 1999 Nov 1;22(3):280–7.

219.

Lawrence Gould A, Boye ME, Crowther MJ, Ibrahim JG, Quartey G, Micallef S, et al. Joint
modeling of survival and longitudinal non-survival data: current methods and issues. Report
of the DIA Bayesian joint modeling working group. Stat Med. 2015 Jun 30;34(14):2181–95.

220.

Cassels S, Clark SJ, Morris M. Mathematical models for HIV transmission dynamics: tools for
social and behavioral science research. J Acquir Immune Defic Syndr. 2008 Mar 1;47 Suppl
1(Suppl 1):S34-9.

221.

Castillo-Chávez C. Mathematical approaches for emerging and reemerging infectious
diseases : an introduction. Springer; 2002. 368 p.

222.

Delamater PL, Street EJ, Leslie TF, Yang YT, Jacobsen KH. Complexity of the Basic
Reproduction Number (R0). Emerg Infect Dis. 2019 Jan;25(1):1–4.

223.

The HIV Modelling Consortium. The HIV modelling consortium. Report for topic meeting one:
sources of infections and National Intervention Impact Projections. Montreux, Switzerland;

224.

Knight GM, Dharan NJ, Fox GJ, Stennis N, Zwerling A, Khurana R, et al. Bridging the gap
between evidence and policy for infectious diseases: How models can aid public health
decision-making. Int J Infect Dis. 2016 Jan;42:17–23.

225.

Kermack WO, McKendrick AG. A Contribution to the Mathematical Theory of Epidemics. Proc
R Soc A Math Phys Eng Sci. 1927 Aug 1;115(772):700–21.

226.

Wearing HJ, Rohani P, Keeling MJ. Appropriate Models for the Management of Infectious
81

Diseases. Ellner SP, editor. PLoS Med. 2005 Jul 26;2(7):e174.
227.

Anderson R. The Role of Mathematical Models in the Study of HIV Transmission and the
Epidemiology of AIDS. J Acquir Immune Defic Syndr. 1988;1:241–56.

228.

Diekmann O, Heesterbeek JAP, Metz JAJ. On the definition and the computation of the basic
reproduction ratio R 0 in models for infectious diseases in heterogeneous populations. J Math
Biol. 1990 Jun;28(4):365–82.

229.

Van Den Driessche P, Watmough J. Reproduction numbers and sub-threshold endemic
equilibria for compartmental models of disease transmission.

230.

James Holland Jones. Notes on R0. 2007.

231.

Mukandavire Z, Garira W. Sex-structured HIV/AIDS model to analyse the effects of condom
use with application to Zimbabwe. J Math Biol. 2007 May;54(5):669–99.

232.

Dalal N, Greenhalgh D, Mao X. A stochastic model for internal HIV dynamics. J Math Anal
Appl. 2008 May 15;341(2):1084–101.

233.

Choisy M, Rohani P. Mathematical modeling of infectious disease dynamics. 2007.

234.

Keeling, MJ and Rohani, P. Modeling Infectious Diseases in Humans and Animals. 2008.

235.

Garnett GP, Anderson RM. Sexually Transmitted Diseases and Sexual Behavior: Insights from
Mathematical Models. J Infect Dis. 1996;

236.

Jaberi Douraki M. Continuous and discrete dynamics of a deterministic model of hiv infection.
2017.

237.

Hethcote HW. The Mathematics of Infectious Diseases. Vol. 42, Society for Industrial and
Applied Mathematics. 2000. 599–653 p.

238.

Altmann M. Susceptible-infected-removed epidemic models with dynamic partnerships. J
Math Biol. 1995 Jun;33(6):661–75.

239.

Neyman J. Outline of a Theory of Statistical Estimation Based on the Classical Theory of
Probability. Vol. 236, Philosophical Transactions of the Royal Society of London. Series A,
Mathematical and Physical Sciences. Royal Society; p. 333–80.

240.

Johnson LF, Dorrington RE, Matthews AP. An investigation into the extent of uncertainty
surrounding estimates of the impact of HIV/AIDS in South Africa. S Afr J Sci. 2007;103.

241.

Chowell G. Fitting dynamic models to epidemic outbreaks with quantified uncertainty: A
primer for parameter uncertainty, identifiability, and forecasts. Infect Dis Model. 2017 Aug
1;2(3):379–98.

242.

Alkema L, Raftery AE, Brown T, Alkema L, Raftery AE, Ghys P, et al. Bayesian melding for
estimating uncertainty in national HIV prevalence estimates. 2008.

243.

Soetaert K, Laine M. R Package FME : Tests of the Markov Chain Monte Carlo
Implementation.

244.

Li M, Dushoff J, Bolker BM. Fitting mechanistic epidemic models to data: A comparison of
simple Markov chain Monte Carlo approaches. Stat Methods Med Res. 2018;27(7):1956–67.

245.

Putter H, Putter H, Heisterkamp ¡ S, Lange ¢ JMA, De Wolf F. A Bayesian approach to
parameter estimation in HIV dynamic models. Stat Med. 2016;17.

246.

Johnson LF, Alkema L, Dorrington RE. A Bayesian approach to uncertainty analysis of sexually
82

transmitted infection models. Sex Transm Infect. 2010 Jun;86(3):169–74.
247.

Alkema L, Raftery AE, Clark SJ. Probabilistic Projections of HIV Prevalence Using Bayesian
Melding. Ann Appl Stat. 2007;1(1):229–48.

248.

Menzies NA, Soeteman DI, Pandya A, Kim JJ. Bayesian Methods for Calibrating Health Policy
Models: A Tutorial. Pharmacoeconomics. 2017 Jun;35(6):613–24.

249.

UNAIDS Reference Group for Estimates M and P. Estimating uncertainty in national HIV
burdens using Bayesian Melding. London; 2006.

250.

UNAIDS Reference Group for Estimates M and P. Improving parameter estimation, projection
methods, uncertainty estimation, and epidemic classification. Prague; 2006.

251.

Cauchemez S, Carrat F, Viboud C, Valleron AJ, Boo Elle PY. A Bayesian MCMC approach to
study transmission of innuenza: application to household longitudinal data. Stat Med Stat
Med. 2004;23:3469–87.

252.

Soetaert K PT. Inverse modelling, sensitivity and monte carlo analysis in R using package FME.
J Stat Softw. 2010;33(3):1–18.

253.

Cheng, J, Druzdzel M. Latin Hypercube Sampling in Bayesian Networks. 2000.

254.

Olsson A, Sandberg G, Dahlblom O. On Latin hypercube sampling for structural reliability
analysis. Struct Saf. 2003 Jan 1;25(1):47–68.

255.

Rob Carnell. lhs: Latin Hypercube Samples. R package version 0.16. 2018.

256.

Foss A, Vickerman P, Chalabi Z, Mayaud P, Alary M, Watts C. Dynamic Modeling of Herpes
Simplex Virus Type-2 (HSV-2) Transmission: Issues in Structural Uncertainty. Bull Math Biol.
2009;

257.

Eames KTD, Keeling MJ. Modeling dynamic and network heterogeneities in the spread of
sexually transmitted diseases. Proc Natl Acad Sci U S A. 2002 Oct 1;99(20):13330–5.

258.

Iman RL, Helton JC. An Investigation of Uncertainty and Sensitivity Analysis Techniques for
Computer Models. Vol. 8, Risk Analysis. 1988.

259.

Pitman R, Fisman D, Zaric GS, Postma M, Kretzschmar M, Edmunds J, et al. Dynamic
Transmission Modeling: A Report of the ISPOR-SMDM Modeling Good Research Practices
Task Force-5. Value Heal. 2012 Sep 1;15(6):828–34.

260.

Fragoso TM, Neto FL. Bayesian model averaging: A systematic review and conceptual
classification. 2014.

261.

Hoeting JA, Madigan D, Raftery AE, Volinsky CT. Bayesian Model Averaging: A Tutorial. Stat
Sci. 1999;14(4):382–417.

262.

Hilborn R, Mangel M. The Ecological Detective: Confronting Models with Data. Princeton
University Press; 1997. 315 p.

263.

Clayton, D, and Hills, M. Statistical Models in Epidemiology. New York: Oxford University
Press; 1993.

264.

Stover J. Influence of mathematical modeling of HIV and AIDS on policies and programs in the
developing world. Sex Transm Dis. 2000;27(10):572–8.

265.

Schwartländer B, Grubb I, Perriëns J. The 10-year struggle to provide antiretroviral treatment
to people with HIV in the developing world. Vol. 368, www.thelancet.com. 2006.
83

266.

World Health Organization. Scaling Up Antiretroviral Therapy In Resource-Limited Settings:
Guidelines For A Public Health Approach. 2002.

267.

National AIDS Co-ordinating Agency Botswana. National Strategic Framework for HIV/AIDS
2003 - 2009. 2003.

268.

Hallett TB, Menzies NA, Revill P, Keebler D, Bórquez A, McRobie E, et al. Using modeling to
inform international guidelines for antiretroviral treatment. AIDS. 2014;28:S1–4.

269.

The Global Fund to Fight AIDS, TB and Malaria. The Right Side of the Tipping Point For AIDS,
Tuberculosis and Malaria: Investment Case for the Global Fund’s 2017-2019 Replenishment.
2015.

270.

World Health Organization. Guideline on when to start Antiretroviral Therapy and on PreExposure Prophylaxis for HIV. Geneva; 2015.

271.

Shubber Z, Mishra S, Vesga JF, Boily MC. O13.5 The HIV Modes of Transmission Model: A
Systematic Review of Its Findings and Adherence to Guidelines. Sex Transm Infect. 2013 Jul
1;89(Suppl 1):A52.1-A52.

272.

Kerr CC, Stuart RM, Gray RT, Shattock AJ, Fraser-Hurt N, Benedikt C, et al. Optima: A Model
for HIV Epidemic Analysis, Program Prioritization, and Resource Optimization. J Acquir
Immune Defic Syndr. 2015 Jul;69(3):365–76.

273.

Avenir Health. Goals Manual: A Model for Estimating the Effects of Interventions and
Resource Allocation on HIV Infections and Deaths. 2011.

274.

Tanser F, Bärnighausen T, Grapsa E, Zaidi J, Newell M-L. High coverage of ART associated with
decline in risk of HIV acquisition in rural KwaZulu-Natal, South Africa. Science. 2013 Feb
22;339(6122):966–71.

275.

Gomez GB, Eakle R, Mbogua J, Akpomiemie G, Venter WDF, Rees H. Treatment And
Prevention for female Sex workers in South Africa: protocol for the TAPS Demonstration
Project. BMJ Open. 2016 Sep 1;6(9):e011595.

276.

The Global Fund to Fight AIDS Tuberculosis and Malaria. Annex to Global Fund Board Strategy
Committee report 2017-2022 Strategic KPI Framework: Proposed performance targets for
KPIs 1, 2 & 8. Geneva; 2016.

277.

Ministry of Health K. Kenya’s Fast Track Plan to End HIV and AIDS Among Adolescents and
Young People. 2015.

278.

Williams BG, Lloyd-Smith JO, Gouws E, Hankins C, Getz WM, Hargrove J, et al. The Potential
Impact of Male Circumcision on HIV in Sub-Saharan Africa. Deeks S, editor. PLoS Med. 2006
Jul 11;3(7):e262.

279.

Ghys PD, Brown T, Grassly NC, Garnett G, Stanecki KA, Stover J, et al. The UNAIDS Estimation
and Projection Package: a software package to estimate and project national HIV epidemics.
Sex Transm Infect. 2004 Aug 1;80 Suppl 1(suppl 1):i5-9.

280.

Niu X, Zhang A, Brown T, Puckett R, Mahy M, Bao L. Incorporation of hierarchical structure
into estimation and projection package fitting with examples of estimating subnational
HIV/AIDS dynamics. AIDS. 2017;31 Suppl 1(Suppl 1):S51–9.

281.

Stover J, Andreev K, Slaymaker E, Gopalappa C, Sabin K, Velasquez C, et al. Updates to the
spectrum model to estimate key HIV indicators for adults and children. AIDS . 2014 Nov;28
Suppl 4(4):S427-34.
84

282.

Avenir Health. AIM MANUAL. 2009.

283.

IDM. Compartmental models and EMOD — HIV Model documentation [Internet]. 2019. [cited
2019 Aug 19]. Available from: http://idmod.org/docs/hiv/model-compartments.html

284.

Bershteyn A, Klein DJ, Wenger E, Eckhoff PA, Bershteyn * A, Klein DJ. Description of the
EMOD-HIV Model v0.7.

285.

Prudden HJ, Watts CH, Vickerman P, Bobrova N, Heise L, Ogungbemi MK, et al. Can the
UNAIDS modes of transmission model be improved?: a comparison of the original and revised
model projections using data from a setting in west Africa. Wolters Kluwer Heal | Lippincott
Williams Wilkins AIDS. 2013;27:2623–35.

286.

Mishra S, Pickles M, Blanchard JF, Moses S, Shubber Z, Boily M-C. Validation of the Modes of
Transmission Model as a Tool to Prioritize HIV Prevention Targets: A Comparative Modelling
Analysis. Tang JW, editor. PLoS One. 2014 Jul 9;9(7):e101690.

287.

Gouws E, Cuchi P. Focusing the HIV response through estimating the major modes of HIV
transmission: a multi-country analysis. Sex Transm Infect. 2012 Dec 1;88(Suppl 2):i76–85.

288.

Phillips AN, Cambiano V, Nakagawa F, Revill P, Jordan MR, Hallett TB, et al. Cost-effectiveness
of public-health policy options in the presence of pretreatment NNRTI drug resistance in subSaharan Africa: a modelling study. Lancet HIV. 2018 Mar;5(3):e146–54.

289.

Cambiano V, Bertagnolio S, Jordan MR, Pillay D, Perriëns JH, Venter F, et al. Predicted levels
of HIV drug resistance. AIDS. 2014 Jan;28:S15–23.

290.

Johnson LF, May MT, Dorrington RE, Cornell M, Boulle A, Egger M, et al. Estimating the
impact of antiretroviral treatment on adult mortality trends in South Africa: A mathematical
modelling study. Suthar AB, editor. PLOS Med. 2017 Dec 12;14(12):e1002468.

291.

Johnson L. Thembisa version 4.2 user guide. Cape Town, South Africa.; 2019.

292.

Granich RM, Gilks CF, Dye C, De Cock KM, Williams BG. Universal voluntary HIV testing with
immediate antiretroviral therapy as a strategy for elimination of HIV transmission: a
mathematical model. Lancet. 2009 Jan 3;373(9657):48–57.

293.

Kato M, Granich R, Bui DD, Tran H V, Nadol P, Jacka D, et al. The potential impact of
expanding antiretroviral therapy and combination prevention in Vietnam: towards
elimination of HIV transmission. J Acquir Immune Defic Syndr. 2013 Aug 15;63(5):e142-9.

294.

Briggs A. Decision Modelling for Health Economic Evaluation. Oxford University Press; 2006.

295.

HIV Modelling Consortium. HIV Modelling Consortium Symposium: “A Dialogue Between
Program Planners and Model Makers.” 2015.

296.

Knight GM, Dharan NJ, Fox GJ, Stennis N, Zwerling A, Khurana R, et al. Bridging the gap
between evidence and policy for infectious diseases: How models can aid public health
decision-making. Int J Infect Dis. 2016;

297.

Njeuhmeli E, Schnure M, Vazzano A, Gold E, Stegman P, Kripke K, et al. Using mathematical
modeling to inform health policy: A case study from voluntary medical male circumcision
scale-up in eastern and southern Africa and proposed framework for success. Wilson DP,
editor. PLoS One. 2019 Mar 18;14(3):e0213605.

298.

Lasry A, Richter A, Lutscher F. Recommendations for increasing the use of HIV/AIDS resource
allocation models. BMC Public Health. 2009 Nov 18;9(S1):S8.

85

299.

Eaton JW, Johnson LF, Salomon JA, Bärnighausen T, Bendavid E, Bershteyn A, et al. HIV
treatment as prevention: Systematic comparison of mathematical models of the potential
impact of antiretroviral therapy on HIV incidence in South Africa. PLoS Med. 2012;9(7).

300.

Stover J. HIV models to inform health policy. Curr Opin HIV AIDS. 2011 Mar;6(2):108–13.

301.

Delva W, Wilson DP, Abu-Raddad L, Gorgens M, Wilson D, Hallett TB, et al. HIV Treatment as
Prevention: Principles of Good HIV Epidemiology Modelling for Public Health Decision-Making
in All Modes of Prevention and Evaluation. Bartlett J, editor. PLoS Med. 2012 Jul
10;9(7):e1001239.

302.

Bradley BD, Jung T, Tandon-Verma A, Khoury B, Chan TCY, Cheng Y-L. Operations research in
global health: a scoping review with a focus on the themes of health equity and impact. Heal
Res Policy Syst. 2017 Dec 18;15(1):32.

303.

Menzies NA, Mcquaid † C F, Gomez GB, Siroka ¶ A, Glaziou # P, Floyd # K, et al. Improving the
quality of modelling evidence used for tuberculosis policy evaluation. INT J TUBERC LUNG DIS.
23(4):387–95.

304.

Stover J. Influence of mathematical modeling of HIV and AIDS on policies and programs in the
developing world. Sex Transm Dis. 2000 Nov;27(10):572–8.

305.

Boden LA, McKendrick IJ. Model-Based Policymaking: A Framework to Promote Ethical “Good
Practice” in Mathematical Modeling for Public Health Policymaking. Front Public Heal. 2017
Apr 5;5:68.

306.

Roberts M, Russell LB, Paltiel AD, Chambers M, McEwan P, Krahn M. Conceptualizing a
Model: A Report of the ISPOR-SMDM Modeling Good Research Practices Task Force–2. Med
Decis Mak. 2012 Sep 18;32(5):678–89.

307.

Petersen M, Yiannoutsos CT, Justice A, Egger M. Observational research on NCDs in HIVpositive populations: conceptual and methodological considerations. J Acquir Immune Defic
Syndr. 2014 Sep 1;67 Suppl 1(0 1):S8-16.

308.

Fojo AT, Kendall EA, Kasaie P, Shrestha S, Louis TA, Dowdy DW. Mathematical Modeling of
“Chronic” Infectious Diseases: Unpacking the Black Box. Open Forum Infect Dis. 2017 Nov
23;4(4).

309.

Basu S, Andrews J. Complexity in mathematical models of public health policies: a guide for
consumers of models. PLoS Med. 2013 Oct;10(10):e1001540.

310.

Weinstein MC, O’Brien B, Hornberger J, Jackson J, Johannesson M, McCabe C, et al. Principles
of Good Practice for Decision Analytic Modeling in Health-Care Evaluation: Report of the
ISPOR Task Force on Good Research Practices—Modeling Studies. Value Heal. 2003 Jan
1;6(1):9–17.

311.

Adams BM, Banks HT, Davidian M, Kwon H-D, Tran HT, Wynne SN, et al. HIV dynamics:
Modeling, data analysis, and optimal treatment protocols. J Comput Appl Math. 2005 Dec
1;184(1):10–49.

86

Chapter 2
2. Thesis Methods
2.1 Overview of Thesis Methods
This thesis adopts mathematical modelling approaches to inform HIV policy making. First, a simple
static model of HIV risk to FSW is developed using the established Bernouilli1–4 formulation. It is used
to assess the impact of behavioural disinhibition on PrEP’s ability to avert HIV infections, accounting
for heterogeneities in FSWs’ initial condom consistency and PrEP adherence. The static model is then
evolved into a more complex dynamic model formulation, using a system of difference equations, to
account for the downstream effects of population interactions. The outcomes of the static and
dynamic models are compared over different time horizons and epidemic contexts, to explore the
conditions under which the policy conclusions based on the two models are consistent. Finally, the
static model is refined to represent women across a more broadly defined spectrum of HIV risk:
women 15-24 years, 25-34 years and 35-49 years, in addition to FSW. These models are used to
explore the cost-effectiveness and population-level impact of PrEP scale-up from FSW to women in
the general population, in order to highlight policy considerations as countries consider rolling out
PrEP beyond those at highest individual risk.
The models are parameterised to case study countries spanning a range of high HIV burden contexts
in sub-Saharan Africa: South Africa, Zimbabwe and Kenya, using published biological,
epidemiological and sexual behavioural data. The models are solved using both analytical and
numerical mathematical approaches, and using both Microsoft Excel (for Office 365) and the R
programming environment5. The static and dynamic models are fitted to data using Bayesian Monte
Carlo Filtering with Latin Hypercube Sampling assuming uniform prior distributions. The following
sections present more detailed information on the methods used in each Research Paper.

2.2 Research Paper 1
2.2.1

Research Paper Objectives

Research Paper 1 aims to address PhD Objectives 1 and 2; specifically:
1. To assess the potential effectiveness of PrEP in reducing HIV infections among high-risk women
in sub-Saharan Africa
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2. To explore the extent to which behavioural disinhibition may outweigh the potential benefits of
PrEP

2.2.2

Rationale for Research Paper Setting

The setting for Research Paper 1 is PrEP for FSW in South Africa – specifically in Hillbrow, inner-city
Johannesburg. This setting and population was chosen in order to be able to explore the modelling
in this first analysis applied to a particularly high HIV burden setting and population – Hillbrow has
particularly high HIV-burden among sub-Saharan African settings, and FSW are a particularly high
HIV risk female population within this context, with up to 72% HIV prevalence6–8.
In addition, it is hoped that this case study will help inform policy decision making around PrEP scaleup in South Africa, in line with PrEP roll out for FSW in South Africa under the National Sex Worker
HIV Plan (2016-2019)9. This is a pertinent case study for examining the potential impact of
behavioural disinhibition considering heterogeneities in PrEP programme outcome, given the
challenges FSWs face in negotiating condom use10 and the financial incentives they may receive for
condomless sex with clients11, as well as the challenges in PrEP retention observed in TaPS12, a 20152017 PrEP and early antiretroviral treatment (ART) demonstration project undertaken among the
Hillbrow FSW community.

2.2.3

Overview of Methods

Research Paper 1 builds on the approach of Foss et al.13 in assessing the effectiveness of and
potential implications of behavioural disinhibition (reductions in condom use) following introduction
of an STI-efficacious microbicide. Research Paper 1 uses the established Bernoulli model of HIV
transmission1–4 where the probability of the HIV virus being transmitted through each sexual contact
is treated as an independent risk event.
To be able to explore the consequences for FSWs of behavioural disinhibition on PrEP, condoms are
assumed to be used with consistency that may vary with the introduction of PrEP (𝛾𝛾0 prior to PrEP
introduction and 𝛾𝛾1 after its introduction). Condoms were assumed to have an HIV risk reduction

efficacy, 𝜀𝜀, including slippage and breakage, with the risk reduction effectiveness of condom

following a linear relationship between use and efficacy (𝜀𝜀𝜀𝜀). At the time of undertaking Research
Paper 1, the exact effectiveness relationship between adherence and PrEP efficacy remained under
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investigation14–16, so the model took an overall level of ‘PrEP effectiveness’, 𝑏𝑏𝛼𝛼 , corresponding to a

level of FSW PrEP adherence, 𝛼𝛼. No partner populations are assumed to be taking PrEP.

To start, a single partner population is considered, in which the proportion HIV infected is 𝑝𝑝. For a

given time period, ℎ, a FSW is assumed to have an average 𝑚𝑚 partners, and an average of 𝑛𝑛 sex acts
with each partner. Parameter ℎ is taken as 3 months, corresponding to the minimum period after

which an individual on PrEP must return to the provider to perform an HIV test to check for

seroconversion (amongst other indicators) 17. For simplicity these equations assume an overall
average probability of HIV transmission, 𝛽𝛽, per sexual contact with an HIV infected partner. It is

assumed that all sex acts are peno-vaginal on the basis of available epidemiological data for FSWs in
Hillbrow18. The models for all Research Papers in this thesis are parameterised using sexual
behaviour, biological, epidemiological and PrEP programme data from the literature. The HIV risk
from a single partner population to FSW with consistency of condom use 𝛾𝛾1 , adhering to PrEP at

level 𝛼𝛼 is given by:

𝑚𝑚

𝑛𝑛

𝜋𝜋(𝛾𝛾1 , 𝛼𝛼) = 1 − �𝑝𝑝� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑝𝑝)�
In the absence of PrEP(𝑖𝑖. 𝑒𝑒 𝛼𝛼 = 0) the HV risk is:
𝑛𝑛

(2.1)

𝑚𝑚

𝜋𝜋(𝛾𝛾0 , 0) = 1 − �𝑝𝑝� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑝𝑝)�

(2.2)

It is therefore beneficial to take PrEP as part of a combination HIV prevention approach, even if
reductions in condom use occur, as long as 𝜋𝜋(𝛾𝛾1 , 𝛼𝛼) < 𝜋𝜋(𝛾𝛾0 , 0), simplifying to:
𝑛𝑛

𝑚𝑚

�𝑝𝑝� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑝𝑝)�

𝑛𝑛

𝑚𝑚

< �𝑝𝑝� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑝𝑝)�

(2.3)

From (2.3), the condition for PrEP to be beneficial in terms reducing HIV risk is:
(1 − 𝜀𝜀𝛾𝛾1 )
< (1 − 𝑏𝑏𝛼𝛼 )
(1 − 𝜀𝜀𝛾𝛾0 )

(2.4)

In other words, if the relative HIV risk reduction in condom use following the introduction of PrEP is
less than the HIV risk reduction afforded by PrEP. Equation (2.4) can also be arranged to give:
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𝑏𝑏𝛼𝛼 >

𝜀𝜀(𝛾𝛾0 − 𝛾𝛾1 )
(1 − 𝜀𝜀𝛾𝛾1 )

(2.5)

Equation (2.5) gives the level of PrEP effectiveness that must be attained for PrEP to be of benefit in
reducing HIV risk, considering any change in condom consistency. Equation (2.5) also illustrates that
PrEP will be beneficial at any level of adherence 𝛼𝛼 > 0 where 𝛾𝛾 0 = 𝛾𝛾1 , that is condom consistency
remains unchanged. This is independent of the number of partners, sex acts and partner HIV
prevalence.
The critical level of PrEP effectiveness corresponding to adherence level 𝛼𝛼 ∗ , which serves as the

break-even point for beneficence of PrEP for HIV prevention with regard to any change in condom

consistency is:
𝑏𝑏𝛼𝛼∗ =

𝜀𝜀(𝛾𝛾0 − 𝛾𝛾1∗ )
(1 − 𝜀𝜀𝛾𝛾1∗ )

(2.6)

Considering the extreme scenario of 100% reduction in condom consistency on PrEP, HIV risk will not
be increased as long as the achieved effectiveness of PrEP exceeds that of condoms at the
consistency prior to PrEP introduction:
𝜀𝜀𝛾𝛾0 < 𝑏𝑏𝛼𝛼 ≤ 1

(2.7)

This is the condition under which PrEP will always be beneficial as an additional HIV prevention
approach in reducing HIV risk.
Simple rearrangement of equation (2.6) gives the break-even value of condom consistency after
introduction of PrEP such that HIV risk is not increased:
𝛾𝛾1∗ =

(𝜀𝜀𝛾𝛾0 − 𝑏𝑏𝛼𝛼 )
𝜀𝜀(1 − 𝑏𝑏𝛼𝛼 )

(2.8)

Accounting for increased STI exposure through reductions in condom use
Since reductions in condom use will result in increased exposure to STIs, a number of which are
cofactors for increased HIV transmission19, the analysis is expanded to explore the increased risk of
HIV transmission resulting from any increased exposure to STIs. The probability that at least one
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person in the partnership has an STI following the introduction of PrEP, 𝑠𝑠1 , is assumed to increases

proportionally to the absolute change in condom consistency. Thus, 𝑠𝑠1 = 𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�, where

𝑠𝑠0 is the probability that at least one person in the partnership has an STI prior to the introduction of

PrEP. Parameter 𝛿𝛿 is the multiplicative increase in per sex act probability of HIV transmission in the
presence of an STI. The HIV risk equations (2.1) and (2.2) become, respectively, on PrEP:
𝑛𝑛

𝑛𝑛

𝜋𝜋(𝛾𝛾1 , 𝛼𝛼, 𝑠𝑠1 ) = 1 − �𝑠𝑠1 𝑝𝑝� 1 − 𝛿𝛿𝛿𝛿(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑠𝑠1 )𝑝𝑝� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� +
𝑚𝑚

(1 − 𝑝𝑝)� ,

(2.9)

and in the absence of PrEP:
𝑛𝑛

𝑛𝑛

𝑚𝑚

𝜋𝜋(𝛾𝛾0 , 0, 𝑠𝑠0 ) = 1 − �𝑠𝑠0 𝑝𝑝� 1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑠𝑠0 )𝑝𝑝� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑝𝑝)� .

(2.10)

PrEP is thus beneficial in reducing HIV risk if 𝜋𝜋(𝛾𝛾1 , 𝛼𝛼, 𝑠𝑠1 ) < 𝜋𝜋(𝛾𝛾0 , 0, 𝑠𝑠0 ), which simplifies to:
𝑛𝑛

𝑛𝑛

𝑛𝑛

𝑠𝑠0 � 1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑠𝑠0 )� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� < 𝑠𝑠1 � 1 − 𝛿𝛿𝛿𝛿(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 −
𝑛𝑛

𝑠𝑠1 )� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� .

(2.11)

Two partner populations – clients and regular partners
The HIV risk equations are extended to account for risk arising from two distinct partner
populations: clients ("𝑐𝑐") and regular partners("𝑟𝑟"). The HIV risk equations (2.1) and (2.2) become,

respectively, on PrEP:

𝑛𝑛𝑐𝑐

𝜋𝜋(𝛾𝛾1 , 𝛼𝛼, 𝑠𝑠1 , 𝑐𝑐, 𝑟𝑟) = 1 − �𝑠𝑠1 𝑝𝑝𝑐𝑐 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾1𝑐𝑐 )(1 − 𝑏𝑏𝛼𝛼 )�
𝑛𝑛𝑐𝑐

𝑏𝑏𝛼𝛼 )�

𝑛𝑛𝑟𝑟

𝑏𝑏𝛼𝛼 )�

𝑚𝑚𝑐𝑐

+ (1 − 𝑝𝑝𝑐𝑐 )�

𝑚𝑚𝑟𝑟

+ (1 − 𝑝𝑝𝑟𝑟 )�

𝑛𝑛𝑟𝑟

∗ �𝑠𝑠1 𝑝𝑝𝑟𝑟 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾1𝑟𝑟 )(1 − 𝑏𝑏𝛼𝛼 )�

,

+ (1 − 𝑠𝑠1 )𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑐𝑐 )(1 −

+ (1 − 𝑠𝑠1 )𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑟𝑟 )(1 −
(2.12)

and in the absence of PrEP:

91

𝑛𝑛𝑐𝑐

𝜋𝜋(𝛾𝛾0 , 0, 𝑠𝑠0 , 𝑐𝑐, 𝑟𝑟) = 1 − �𝑠𝑠0 𝑝𝑝𝑐𝑐 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0𝑐𝑐 )�
𝑚𝑚𝑐𝑐

(1 − 𝑝𝑝𝑐𝑐 )�

∗ �𝑠𝑠0 𝑝𝑝𝑟𝑟 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0𝑟𝑟 )�

𝑛𝑛𝑟𝑟

𝑛𝑛𝑐𝑐

+ (1 − 𝑠𝑠0 )𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0𝑐𝑐 )�
𝑛𝑛𝑟𝑟

+ (1 − 𝑠𝑠0 )𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0𝑟𝑟 )�

+

𝑚𝑚𝑟𝑟

+ (1 − 𝑝𝑝𝑟𝑟 )�

.
(2.13)

Thus, it is beneficial to take PrEP as part of a combination HIV prevention approach, even if
reductions in condom use occur, as long as 𝜋𝜋(𝛾𝛾1 , 𝛼𝛼, 𝑠𝑠1 , 𝑐𝑐, 𝑟𝑟) < 𝜋𝜋(𝛾𝛾0 , 0, 𝑠𝑠0 , 𝑐𝑐, 𝑟𝑟).

In this setting, condom consistency with regular partners is low18 and in many cases clients pay more

for condom-less sex20. Change in condom consistency on PrEP is therefore likely to be more
pronounced with clients. To explore this, Research Paper 1 assesses the percentage reduction in
condom consistency with male clients tolerated, for HIV risk not to increase on PrEP, holding
condom consistency with regular partners constant using equations (2.12) and (2.13). The Paper
assesses whether the results remain the same, accounting or not for increased STI exposure through
decreased condom use. In order to explore whether changes in condom use with clients or regular
partners present the biggest HIV risk in such settings, the Research Paper examines whether there is
a significant difference in the percentage reduction in condom consistency with male clients
tolerated for HIV risk not to increase, if PrEP use reduces condom use to zero with regular partners.
To account for heterogeneity in PrEP programme outcomes, these equations are evaluated over a
range of PrEP effectiveness levels, in increments of 10% spanning 35% to 95%. These levels were
chosen as they span the range of HIV risk reduction estimated through the iPrEx OLE21 study (53%
corresponding to adherence levels of <2 tablets a week; 87% corresponding to 2-3 tablets a week, up
to 100% corresponding to 4-6 tablets a week), with a lower effectiveness bound of 35% chosen,
given the iPrEx OLE study was undertaken in a different study population (MSM and TGW). At the
time of undertaking this study, there were no data available connecting levels of PrEP adherence in
women to levels of HIV risk reduction (and even the data now available through the Partners
Demonstration OLE project are less granular22).

Programming tool
The numerical analysis for Research Paper 1 is undertaken in Microsoft Excel, as it is in general
considered a user-friendly analytical tool that is more accessible to policy makers than advanced
programming tools23. Optimization is undertaken using Solver in Excel.
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Uncertainty analysis
Simple uncertainty analyses are undertaken through basic approaches that may be more
reproducible by policy makers, without requiring complex programming tools. Accordingly, the
calculations are repeated across boundary cases: high risk and low risk, parameterised using high
and low risk values for sexual behaviour and the transmission probability parameters.
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2.3 Research Paper 2
2.3.1

Research Paper Objectives

Research Paper 2 aims to address PhD Objective 3; specifically:
3. To assess the robustness of conclusions made on the basis of static modelling techniques to
incorporation of dynamic effects, to contribute to understanding around the importance of
modelling complexity to inform HIV policy making

2.3.2

Rationale for Research Paper Setting

For ease of comparison with the model from Research Paper 1, the same setting and population are
retained for Research Paper 2 – FSW in Hillbrow, inner city Johannesburg.

2.3.3

Overview of Methods

The static model from Research Paper 2 is first refined and then compared with a matched dynamic
version of the model.
For the static model, the average number of partners that a FSW has per unit time, ℎ, is renamed 𝐶𝐶

instead of 𝑛𝑛, as it was in Research Paper 1, in line with convention24. Parameter 𝐶𝐶 was not used in

the first Research Paper to avoid confusion with the use of the subscript 𝑐𝑐 to denote clients.

To facilitate ease of comparison between models, the equations consider only a single FSW partner
population, male partners, denoted by subscript 𝑚𝑚 and FSW are denoted by the subscript 𝑓𝑓. For

clarity, 𝛽𝛽𝑓𝑓 is the average probability of HIV transmission to a FSW, per sexual contact with an HIV
infected male partner, and 𝛽𝛽𝑚𝑚 the average probability of HIV transmission to a male, per sexual
contact with an HIV infected FSW.

In refining the risk equations used in Research Paper 1, the equations for Research Paper 2
additionally account for antiretroviral (ART) and male circumcision coverage. Parameters 𝜗𝜗𝑚𝑚 and

𝜗𝜗𝑓𝑓 are the proportion of HIV+ male partners and FSW that are on ART respectively, and 𝜚𝜚 is the

average reduction in the probability of HIV transmission due to viral suppression on ART. The

proportion of male population circumcised is denoted by 𝜏𝜏 and 𝜎𝜎𝑓𝑓 and 𝜎𝜎𝑚𝑚 are the average reduction
in probability HIV transmission to FSW and male partners respectively, when the male partner has
been circumcised.
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The static model formulation of HIV risk to FSW per time step ℎ is:
𝐶𝐶𝑚𝑚

𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1 − �1 + 𝑝𝑝(𝜓𝜓𝑓𝑓 + 𝜔𝜔𝑓𝑓 − 1)�

Where

𝑛𝑛

(1 − 𝜗𝜗)𝑠𝑠 � 1 − 𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛
⎛
⎜ +(1 − 𝜗𝜗)(1 − 𝑠𝑠) � 1 − 𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�
𝜓𝜓𝑓𝑓 = (1 − 𝜏𝜏) ⎜
𝑛𝑛
⎜ +𝜗𝜗𝜗𝜗 � 1 − (1 − 𝜚𝜚)𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛

⎞
⎟
⎟
⎟

⎝+𝜗𝜗(1 − 𝑠𝑠) � 1 − (1 − 𝜚𝜚)𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)� ⎠
𝑛𝑛

(1 − 𝜗𝜗)𝑠𝑠 � 1 − (1 − 𝜎𝜎)𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛
⎛
⎜ +(1 − 𝜗𝜗)(1 − 𝑠𝑠) � 1 − (1 − 𝜎𝜎)𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�
and 𝜔𝜔𝑓𝑓 = 𝜏𝜏 ⎜
𝑛𝑛
⎜ +𝜗𝜗𝜗𝜗 � 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛

⎞
⎟
⎟
⎟

⎝+𝜗𝜗(1 − 𝑠𝑠) � 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)� ⎠

With γ = γ0 before the introduction of PrEP, and γ1 after the introduction of PrEP;
s = s0 before the introduction of PrEP and s1 after the introduction of PrEP; and

s1 = s0(1 + ( γ0 − γ1)).

(2.14)

The static model is then evolved into dynamic model formulation using difference equations. The
use of discrete time formulation was chosen to allow for comparison with the static model, which is
evaluated in discrete time steps. The Bernoulli risk formulation (2.14) is taken as the force of
infection on FSW, and an equivalent Bernoulli risk formulation of HIV risk taken as the force of
infection on the male partner population. No male partners are assumed to be taking PrEP.
Under the dynamical compartmental approach using the SIR formulation, populations of size 𝑁𝑁 are
divided into HIV-susceptible individuals, 𝑆𝑆, and infected individuals, 𝐼𝐼. As individuals, who are

removed from the system, 𝑅𝑅, cannot return to the system, their respective equations are not set out
below. Instead of a static HIV prevalence, 𝑝𝑝, for each population, prevalence changes over time
according to the proportion of HIV infected individuals, 𝜆𝜆 = 𝐼𝐼/𝑁𝑁.

The dynamic model system assumes population mortality rates 𝜇𝜇𝑓𝑓 and 𝜇𝜇𝑚𝑚 in FSWs and male
partners respectively, and AIDS-related death rates of 𝜉𝜉𝑓𝑓 and 𝜉𝜉𝑚𝑚 respectively. The rate of
recruitment into both populations are 𝜃𝜃𝑓𝑓 and 𝜃𝜃𝑚𝑚 respectively.
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The model is run from 1980 to 2035, with an initial prevalence of HIV at the start of the epidemic in
1980 of 𝑝𝑝𝑓𝑓0 in FSWs and 𝑝𝑝𝑚𝑚0 in male partners. Under the baseline scenario, Epidemic Equilibrium,

PrEP is introduced for FSWs in 2015 in line with the introduction of normative guidance in 2015

recommending that PrEP be made available to all persons at substantial risk of HIV25. The baseline
scenario is called Epidemic Equilibrium, as in 2015 the HIV epidemics in these populations in South
Africa had stabilised6,7,26,27.
To account for the stage of the HIV epidemic in the model comparisons, the analyses are repeated
20 years earlier, when the HIV epidemics in FSWs and their partner populations were still
increasing6,7,26,27. Under this scenario, Increasing Epidemic, PrEP is hypothetically introduced in 1995.
Given that little is known about the rate of increase in condom use in these populations over time,
change in condom use from the start of the HIV epidemic is approximated by a linear increase in
consistency between 1980 and the year prior to the introduction of PrEP (2014 for the Epidemic
Equilibrium analyses, and 1994 for the Increasing Epidemic scenarios).
To account for changes in ART coverage over time, in the dynamic model, ART coverage is taken to
be zero between 1980 and 2003. Linear scale up assumed from 2003, in line with the wide-scale
introduction in South Africa28,29 in 2003, to levels in 2012 for male partners27 and 2014 for FSW6 (the
latest data available for each population to parameterise the model up to the final point of fitting in
2014).
The model accounts for changes in male circumcision levels in the context of the 2007 WHO and
UNAIDS guidance on the scale-up of VMMC for HIV prevention30 and the 2010 South African
government’s introduction of their VMMC policy and programme.27 Due to the limited data
availability on circumcision levels in Hillbrow (or by proxy, Gauteng, the South African Province in
which it lies), with national survey data only available for 200331 and 201227, circumcision levels are
assumed to be constant at 2003 levels between 1980 and 2003, and then increase linearly to 2012
levels and are then constant thereafter (likewise as these are the latest available data to
parameterise the model up to the final point of model fitting in 2014).
For the dynamic model, the force of infection from male partners to FSW is:
𝐶𝐶𝑚𝑚

Π𝑚𝑚 = 1 − �1 + 𝜆𝜆𝑚𝑚 (𝜓𝜓𝑓𝑓 + 𝜔𝜔𝑓𝑓 − 1)�
𝐼𝐼

Where 𝜆𝜆𝑚𝑚 = 𝑁𝑁𝑚𝑚

𝑚𝑚

(2.15)
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The force of infection from FSW to male partners is:
𝐶𝐶𝑓𝑓

Π𝑓𝑓 = 1 − �1 + 𝜆𝜆𝑓𝑓 (𝜓𝜓𝑚𝑚 + 𝜔𝜔𝑚𝑚 − 1)�
𝐼𝐼

Where 𝜆𝜆𝑓𝑓 = 𝑁𝑁𝑓𝑓 and:
𝑓𝑓

𝑛𝑛𝑓𝑓

�1 − 𝜗𝜗𝑓𝑓 �𝑠𝑠� 1 − 𝛿𝛿𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�

⎛ +�1 − 𝜗𝜗𝑓𝑓 �(1 − 𝑠𝑠)� 1 − 𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎞
𝜓𝜓𝑚𝑚 = (1 − 𝜏𝜏) ⎜
⎜ +𝜗𝜗 𝑠𝑠� 1 − (1 − 𝜚𝜚)𝛿𝛿𝛽𝛽 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎟
⎟
𝑓𝑓
𝑚𝑚
𝑛𝑛𝑓𝑓

and

⎝+𝜗𝜗𝑓𝑓 (1 − 𝑠𝑠)� 1 − (1 − 𝜚𝜚)𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)� ⎠
𝑛𝑛𝑓𝑓

�1 − 𝜗𝜗𝑓𝑓 �𝑠𝑠� 1 − (1 − 𝜎𝜎𝑚𝑚 )𝛿𝛿𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�

⎛ +�1 − 𝜗𝜗𝑓𝑓 �(1 − 𝑠𝑠)� 1 − (1 − 𝜎𝜎𝑚𝑚 )𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎞
𝜔𝜔𝑚𝑚 = 𝜏𝜏 ⎜
⎜ +𝜗𝜗 𝑠𝑠� 1 − (1 − 𝜎𝜎 )(1 − 𝜚𝜚)𝛿𝛿𝛽𝛽 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎟
⎟
𝑓𝑓

𝑚𝑚

𝑚𝑚

𝑛𝑛𝑓𝑓

⎝+𝜗𝜗𝑓𝑓 (1 − 𝑠𝑠)� 1 − (1 − 𝜎𝜎𝑚𝑚 )(1 − 𝜚𝜚)𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)� ⎠

(2.16)

With population sizes:
𝑁𝑁𝑚𝑚 = 𝑆𝑆𝑚𝑚 + 𝐼𝐼𝑚𝑚 , and 𝑁𝑁𝑓𝑓 = 𝑆𝑆𝑓𝑓 + 𝐼𝐼𝑓𝑓
(2.17)
Balancing equation:
𝐶𝐶𝑓𝑓 = 𝐶𝐶𝑚𝑚 𝑁𝑁𝑓𝑓 /𝑁𝑁𝑚𝑚

(2.18)

Difference equations:
𝑆𝑆𝑓𝑓𝑡𝑡+1 = 𝜃𝜃𝑓𝑓 𝑁𝑁𝑓𝑓0 + 𝑆𝑆𝑓𝑓𝑡𝑡 − 𝛱𝛱𝑚𝑚 𝑆𝑆𝑓𝑓𝑡𝑡 − 𝜇𝜇𝑓𝑓 𝑆𝑆𝑓𝑓𝑡𝑡
𝐼𝐼𝑓𝑓𝑡𝑡+1 = 𝐼𝐼𝑓𝑓𝑡𝑡 + 𝛱𝛱𝑚𝑚 𝑆𝑆𝑓𝑓𝑡𝑡 − (𝜇𝜇𝑓𝑓 + 𝜉𝜉𝑓𝑓 )𝐼𝐼𝑓𝑓𝑡𝑡

𝑆𝑆𝑚𝑚 𝑡𝑡+1 = 𝜃𝜃𝑚𝑚 𝑁𝑁𝑚𝑚 0 + 𝑆𝑆𝑚𝑚 𝑡𝑡 − 𝛱𝛱𝑓𝑓 𝑆𝑆𝑚𝑚 𝑡𝑡 − 𝜇𝜇𝑚𝑚 𝑆𝑆𝑚𝑚 𝑡𝑡
𝐼𝐼𝑚𝑚 𝑡𝑡+1 = 𝐼𝐼𝑚𝑚 𝑡𝑡 + 𝛱𝛱𝑓𝑓 𝑆𝑆𝑚𝑚 𝑡𝑡 − (𝜇𝜇𝑚𝑚 + 𝜉𝜉𝑚𝑚 )𝐼𝐼𝑚𝑚 𝑡𝑡
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(2.19)
The dynamic model is fitted to HIV prevalence data for both FSW and male partner populations
between 1980 and 2014, which are then used to parameterise both the static and dynamic models.
Numerical optimizations are run to determine the lowest level in condom consistency tolerated
following the introduction of PrEP without HIV risk increasing. See following sections ‘Programming
tool’ and ‘Uncertainty analysis and model fitting’ for more methodological details.
To account for heterogeneity in risk factors, FSWs’ initial condom consistencies32,13 the parameter
sets are fitted individually for initial condom consistencies (prior to introduction of PrEP) of 10%,
40% and 70%, spanning the range reported by this population.32
At the time of undertaking this study, available data relating levels of PrEP adherence to HIV risk
reduction in women were limited to recognition that up to 100% risk reduction on PrEP necessitates
higher levels of adherence in women (6/7 tablets a week) than in men (4/5 in MSM and TGW)33. As
such, the analysis spans a spectrum of potential levels of PrEP use-effectiveness (HIV risk reduction
corresponding to a level of adherence): 25%, 55% and 85%. PrEP use-effectiveness of 85% was
simulated as the highest level, as it equates to the threshold at which PrEP will always increase the
level of HIV protection irrespective of the level of condom use, using equation 2.6 from the static
model analysis in Research Paper 1 and the risk reduction efficacy of condoms as 85%34,35.
The percentage reduction in condom consistency that can be tolerated was calculated across these
levels of initial condom consistency and PrEP use-effectiveness.

Programming tool
The equations were evaluated in R5, a more flexible programming platform that is a facilitates the
evaluation of more complex model formulations, such as dynamical systems. Optimisations
algorithms are run using R FME package36 for the dynamic model and R rootSolve package37 for the
static model.

Uncertainty analysis and model fitting
The dynamic model is fitted to HIV prevalence data for both FSW and male partner populations
between 1980 and 2014 using Bayesian Monte Carlo methods with Latin Hypercube Sampling (R
FME package36), run on 50,000 parameter sets, yielding at least 200 fits for each scenario explored.
Both the static and dynamic models are parameterised and evaluated using the same set of fitted
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parameters, allowing for the evaluation of uncertainty ranges in both models. Monte Carlo filtering
with Latin Hypercube Sampling assuming uniform prior distributions was chosen as the Bayesian
method for accounting for parametric uncertainty and model fitting, as it feels to me a discernible
and intuitive approach, which may be easier to explain to policy makers, and where each stage of
the calculations can be easily extracted and communicated. Other methods for calculating the
likelihood function in Bayesian approaches such as, for example, the Markov Chain random walk in
MCMC, may be seen as a more ‘black box’ and less accessible by policy makers.
To explore a level of model structural sensitivity, the Research Paper explores the model’s sensitivity
to heterogeneity in the number of parameters. This is undertaken by removing all parameters
related ART, circumcision and STIs, re-running the analyses and comparing the conclusions.
To further explore the sensitivity of the model to stage of the epidemic (in addition to PrEP being
introduced in 1995 the Increasing Epidemic and 2015 in the Epidemic Equilibrium scenarios), a
further scenario is evaluated, where PrEP is introduced when the epidemics are fully endemic in the
populations, called the Fully Endemic scenario. The underlying epidemic curves for each of these
scenarios are show in the Annex to this thesis, in Supplementary Materials to Research Paper 2.
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2.4 Research Paper 3
2.4.1

Research Paper Objectives

Research Paper 3 aims to address PhD Objectives 4 and 5; specifically:
4. To explore strategies for the scale-up of PrEP across high-risk women at population-level,
weighing considerations around HIV infection reduction and cost-effectiveness
5. To evaluate strategies for PrEP scale-up in more than one country setting in sub-Saharan Africa,
to explore how the approach to PrEP scale-up may differ by epidemic and implementation
context

2.4.2

Rationale for Research Paper Setting

In order to evaluate strategies for PrEP scale-up in more than one country setting in sub-Saharan
Africa and assess how model outcomes change by epidemic and implementation context, Research
Paper 3 applies modelling to three HIV endemic countries in SSA that span a range of HIV burden
levels in the region: South Africa (20.4% adult HIV prevalence), Zimbabwe (12.7% adult HIV
prevalence) and Kenya (4.7% adult HIV prevalence)38. These countries were chosen as, in addition to
spanning a range of HIV burden levels in the region, they each have adopted a national PrEP
strategy39–41 and have been at the forefront of PrEP roll-out in sub-Saharan Africa42.

2.4.3

Overview of Methods

The HIV epidemics in South Africa, Zimbabwe and Kenya are stable generalized high-prevalence
epidemics8,26. Given that to date, few PrEP demonstration programs have achieved significant
retention in women in this context beyond the first 12 months43–50, as well as that PrEP is intended
to cover seasons of HIV risk, the analyses of Research Paper 3 are conducted over a one-year
timeframe. Based on the conclusions of Research Paper 2 that static models are sufficiently robust
to model the introduction of an HIV prevention intervention over short-medium time horizons in
contexts where the HIV epidemics are well established, Research Paper 3 adopts a static model of
HIV risk.

100

Simple tools to help guide PrEP programme decision making
First, simple tools are developed to help guide policy makers and PrEP programmers make decisions
around the scale-up of PrEP for high-risk women using a basic set of information that may typically
be available in implementation settings51.
In this Research Paper, we do not explore the effects of behavioural disinhibition, since this has been
addressed through Research Papers 1 and 2. Accordingly, condom use is denoted 𝛾𝛾 independent of

PrEP status. Additionally, the basic HIV risk equations (2.1) and (2.2) are refined to capture 12-month
PrEP programme retention levels, 𝑟𝑟. HIV risk equations (2.1) and (2.2) therefore become,
respectively:
On PrEP:
𝐶𝐶

𝑛𝑛

𝜋𝜋(𝛾𝛾, 𝑏𝑏𝛼𝛼 ) = 1 − �𝑝𝑝 � 1 − 𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝜃𝜃𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)� + (1 − 𝑝𝑝)� ,

(2.20)

and in the absence of PrEP:
𝑛𝑛

𝐶𝐶

𝜋𝜋(𝛾𝛾, 0) = 1 − �𝑝𝑝 � 1 − 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝜀𝜀)� + (1 − 𝑝𝑝)� .

(2.21)

Heatmaps to estimate HIV incidence in women
Heatmaps are developed to help decision makers estimate the annual HIV incidence in women by
number of monthly sex acts, average condom use and underlying epidemic setting, assuming a
simple partner population and the simple risk equation set out in equation (2.21). Heterogeneity in
epidemic setting is accounted for by assessing HIV prevalence in male partner populations of 5%,
10%, 20% and 40% (giving rise to one heatmap each). These prevalence levels are chosen to
illustrate different epidemic settings, as across many sub-Saharan African contexts, 5% HIV
prevalence may be consistent with HIV prevalence in males 15-24 years, 5-20% the HIV prevalence in
males 25-49 years, and 20-40% the HIV prevalence in the clients of FSW (depending on the
setting)8,38. Heatmaps are chosen as a user-friendly tool to represent the outcomes of multiple
interacting scenarios for policy makers52–54.
Within each heatmap, heterogeneity in number of sex acts and average condom use are accounted
for by varying the average number of monthly sex acts between 0 and 40 (an upper bound for
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women in this context55–59) and illustratively varying condom use between 0% and 100%. On the
heatmaps, the threshold for a resulting annual incidence of 3 per 100 person years is marked,
signifying the threshold for PrEP eligibility according to WHO guidelines60. To account for
heterogeneity in the other risk factors in equation (2.21) within the heatmaps, parameters sets for
𝑟𝑟, 𝛽𝛽, 𝜀𝜀 and 𝑛𝑛 (corresponding to levels of 𝑚𝑚) spanning the spectra reported for women in SSA were
obtained from the literature, and used to simulate equation (2.21) across all permutations and
combinations, giving yield to 720,000 distinct parameter sets.

Simple rule to assess relative cost-effectiveness of PrEP scale-up from a group of high- to lower-risk
women
A simple rule is then developed to help policy makers estimate the relative cost at which PrEP will be
equally as cost-effective between two groups of women with different HIV risk factors and
behaviours. In the absence of willingness-to-pay thresholds, cost-effectiveness is assessed by
comparing estimates of cost per infection averted between populations.
It is assumed that one woman comes from a comparatively higher-risk population (e.g. FSW) and the
other from a comparatively lower-risk female population, with the women denoted 𝐻𝐻and 𝐿𝐿

respectively. 𝜋𝜋𝐻𝐻 and 𝜋𝜋𝐿𝐿 are the respective HIV risks for each woman. Let $𝑋𝑋𝐻𝐻 and $𝑋𝑋𝐿𝐿 be the 12-

month unit costs of PrEP for each woman (the incremental cost of PrEP for a woman retained in a
PrEP program over a 12-month period).
Then the cost of averting one HIV infection with PrEP per year for each woman is
$𝑋𝑋𝐿𝐿

and 𝜋𝜋

respectively.

𝐿𝐿 (𝛾𝛾,0)−𝜋𝜋𝐿𝐿 (𝛾𝛾,𝛼𝛼𝐿𝐿 )

$𝑋𝑋𝐻𝐻
𝜋𝜋𝐻𝐻 (𝛾𝛾,0)−𝜋𝜋𝐻𝐻 (𝛾𝛾,𝛼𝛼𝐻𝐻 )

PrEP will become equally cost-effective in the lower-risk group as it is in the higher-risk group where:
$𝑋𝑋𝐿𝐿
𝜋𝜋𝐿𝐿 (𝛾𝛾,0)−𝜋𝜋𝐿𝐿 (𝛾𝛾,𝛼𝛼𝐿𝐿 )

$𝑋𝑋𝐻𝐻

= 𝜋𝜋

𝐻𝐻 (𝛾𝛾,0)−𝜋𝜋𝐻𝐻 (𝛾𝛾,𝛼𝛼𝐻𝐻 )

,
(2.22)

or when:
$𝑋𝑋𝐿𝐿
$𝑋𝑋𝐻𝐻

𝜋𝜋 (𝛾𝛾,0)−𝜋𝜋 (𝛾𝛾,𝛼𝛼 )

= 𝜋𝜋 𝐿𝐿(𝛾𝛾,0)−𝜋𝜋 𝐿𝐿 (𝛾𝛾,𝛼𝛼𝐿𝐿 ) .
𝐻𝐻

𝐻𝐻

𝐻𝐻

(2.23)
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To derive a simple formulation of (2.23) that may be more intuitive for policy makers and
programmers in real-world settings, equations (2.20) and (2.21) are simplified through a first order
Binomial expansion61. Using the example of equation (2.20), provided 𝛽𝛽(1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀) ≪ 1 we

have:

𝐶𝐶

𝜋𝜋(𝛾𝛾, 𝑏𝑏𝛼𝛼 ) ≈ 1 − �𝑝𝑝 � 1 − 𝑛𝑛𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)� + (1 − 𝑝𝑝)�
𝐶𝐶

≈ 1 − �1 − 𝑝𝑝𝑝𝑝𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)� ,

and provided 𝑝𝑝𝑝𝑝𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀) ≪ 1:
𝜋𝜋(𝛾𝛾, 𝑏𝑏𝛼𝛼 ) ≈ 𝐶𝐶𝐶𝐶𝐶𝐶𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀).

(2.24)

Thus the risk reduction on PrEP is approximately:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(1 − 𝜀𝜀𝜀𝜀) − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)
Which simplifies to:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(1 − 𝜀𝜀𝜀𝜀)𝑟𝑟𝑏𝑏𝛼𝛼 .

(2.25)

Therefore, when 𝛽𝛽(1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀) ≪ 1 and 𝑝𝑝𝑝𝑝𝑝𝑝(1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀) ≪ 1,the condition for equal
cost-effectiveness in equation (2.23) between two female populations with different risk levels
becomes:
$𝑋𝑋𝐿𝐿
$𝑋𝑋𝐻𝐻

𝐶𝐶𝐿𝐿 𝑛𝑛𝐿𝐿 𝑝𝑝𝐿𝐿 (1−𝜀𝜀𝛾𝛾𝐿𝐿 )𝑟𝑟𝐿𝐿 𝑏𝑏𝛼𝛼𝐿𝐿

= 𝐶𝐶

𝐻𝐻 𝑛𝑛𝐻𝐻 𝑝𝑝𝐻𝐻 (1−𝜀𝜀𝛾𝛾𝐻𝐻 )𝑟𝑟𝐻𝐻 𝑏𝑏𝛼𝛼𝐻𝐻

(2.26)

In a simplified form for policy makers, the relative cost of PrEP at which it will be equally as costeffective to roll out PrEP for lower-risk women compared to higher-risk women is summarised below
in equation (2.27).
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(2.27)
Now that the equations have been refined to account for PrEP programme retention, useeffectiveness of PrEP is defined as the HIV-risk reduction through use of PrEP at a given level of
adherence, for a population with a given average program retention level.

Heatmaps to estimate the relative unit cost at which PrEP scale-up from higher- to lower-risk women
is cost-effective
Heatmaps are developed to help decision makers estimate the relative unit cost at which it will be
cost-effective to scale up PrEP from a comparatively higher- to comparatively lower-risk woman,
using a limited set of data typically available at country level51 and equation (2.23). Heterogeneity in
epidemic setting is accounted for by accounting for HIV prevalence in the higher-risk women’s
partner population of 20% and 40%, and for each, simulating 4 cases for the lower-risk women’s
partner population at 1/4, 1/2, 3/4 and 1 times the prevalence of the higher-risk women’s partner
population (i.e. 5%, 10%, 15% and 20%; and 10%, 20%, 30% and 40% respectively). These levels of
male partner HIV prevalences span a range of the levels seen across SSA settings8,38. This gives rise to
two groups of four heatmaps.
Heterogeneity in condom use and number of sex acts a month are accounted for by varying the
relative condom use between the lower- and higher-risk women between 0% and 150%, and the
relative number of sex acts a month between the lower- and higher-risk women between 0% and
150%. In view of limited data available on PrEP retention and levels of HIV risk-reduction from PrEP
demonstration and implementation projects for women, this study used the most granular available
data at the time of the analysis from projects among women in SSA. Accordingly, it was assumed
that the higher-risk group had 22% 12-month PrEP program retention levels and all women retained
had PrEP adherence levels of 70-85% (corresponding to risk-reduction of 73-99%62), consistent with
the South African TAPS demonstration project in FSW43. PrEP program retention for the lower-risk
group was simulated between ±25% of the 22% retention levels of the higher-risk group (i.e. 16.5%27.5%), consistent with the difference between AGYW (the group with the largest difference in
retention levels among females across available studies at the time of the analysis) and FSW
retention in Kenya44. For lower-risk women retained in the PrEP program, it was assumed that PrEP
adherence was the same as the higher-risk group (in the absence of available PrEP adherence data at
the time of the study, other than from the TaPS project among FSW)43.
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Using the same approach as for the first set of heatmaps to account for heterogeneity in the other
risk factors in equation (2.23) within the heatmaps, parameters sets for the remaining parameters
spanning the spectra reported for women in SSA were obtained from the literature, and used to
simulate equation (2.23) across all permutations and combinations, giving yield to 7,920,000 distinct
parameter sets.

Assessment of strategies to guide PrEP-scale up across women on a spectrum HIV risk
To assess strategies to guide PrEP scale-up across women on a spectrum of risk, in addition to FSW,
Research Paper 3 considers women at HIV risk to include the following groups: 15-24 years, women
25-34 years and women 35-49 years. These three groups of women in the general population are
included in addition to FSW (who are well recognised at high risk of HIV), as HIV incidence data from
all three country case study settings (South Africa63,64, Zimbabwe65 and Kenya38) reveal elevated
levels of incidence among each of these groups, with the incidence patterns between the groups
also varying by country. Whilst broad groupings, they have the advantage of being intuitive and easy
to operationalize in country settings. The set of high-risk women groups considered in the analysis, 𝑗𝑗,

is therefore 𝑗𝑗: = {FSW, adolescent girls and young women aged 15-24 years (AGYW), women 25-34

years and women 35-49 years}.

Based on available data from the literature, AGYW are assumed to have partners drawn from their
own age group and also the 25-34 years age group, given that 17% and 14% women 15-19 years
report relationships with men at least 10 years older in Zimbabwe66 and Kenya67 respectively, and
36% South African women 15-19 years report relationships with men at least 5 years older7. Women
25-34 years and women 35-49 years are assumed to have partners drawn from their own age
groups. FSW are assumed to have partners drawn from two populations: regular partners and
clients. The set of partner populations across high-risk women groups, 𝑖𝑖, is 𝑖𝑖: = {men 15-24 years,

men 25-34 years, men 35-49 years, men 15-49 years (regular partners of FSW), and clients of FSW}.
As above, FSW are assumed to have 12-month PrEP program retention and adherence levels
consistent with the South African TaPS demonstration project.43 All other high-risk women groups
were assumed to have program retention levels between ±25% of FSW retention levels,44 and the
same adherence levels as FSW retained in the program. To explore the role of adherence, the
analyses were repeated with 25% lower HIV risk-reduction across all groups (see section
‘Uncertainty analyses’).
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To assess strategies for the scale-up of PrEP across these groups of high-risk women, risk equations
(2.20) and (2.21) are modified to account for HIV risk at population-level, rather than individuallevel, and to account for multi-partner populations.
The total population size of high-risk women group of type 𝑗𝑗 is 𝑁𝑁𝑗𝑗 , in which the prevalence of HIV is

𝑝𝑝𝑗𝑗 . The coverage of PrEP in the population 𝑗𝑗 is 𝜔𝜔𝑗𝑗 . High-risk women are assumed to have 𝐶𝐶𝑖𝑖 number

of partners from each population a year, with whom they have an average of 𝑛𝑛𝑖𝑖 sex acts a year each.
Condoms are assumed to be used with partners from each population with consistency 𝛾𝛾𝑖𝑖𝑖𝑖 .

Parameter 𝑠𝑠𝑖𝑖𝑗𝑗 is the probability that at least one person in the partnership between high risk woman

from population 𝑗𝑗 and partner from population 𝑖𝑖 has an STI and 𝜗𝜗𝑖𝑖 is the proportion of HIV+

partners from population 𝑖𝑖 that are virally suppressed on ART. The proportion of male partners from

population 𝑖𝑖 that are circumcised is denoted by 𝜏𝜏𝑖𝑖

Upon introduction, high-risk women from population 𝑗𝑗 are assumed to adhere to PrEP at an average

level 𝛼𝛼𝑗𝑗 , which corresponds to a level of HIV risk reduction, 𝑏𝑏𝛼𝛼𝑗𝑗 . They are assumed to have 12-month

program retention levels 𝑟𝑟𝑗𝑗 . Sex acts are assumed to be peno-vaginal, the predominant pathway of
HIV transmission to heterosexual women in sub-Saharan Africa68.

Where high-risk women from population 𝑗𝑗 have partners drawn from a single male population, their

HIV risk for a 12-month period, is in the absence of PrEP is given by:
𝐶𝐶

Π(0) = 1 − �𝑝𝑝(𝜓𝜓(1−𝜏𝜏),0 + 𝜓𝜓𝜏𝜏,0 ) + (1 − 𝑝𝑝)�
Where:

𝜓𝜓(1−𝜏𝜏),0 = (1 − 𝜏𝜏)�(1 − 𝜗𝜗)𝑠𝑠( 1 − 𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − 𝜍𝜍)𝑛𝑛 + 𝜗𝜗𝑠𝑠( 1 − (1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛
+ 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜚𝜚)𝜍𝜍)𝑛𝑛 �

𝜓𝜓𝜏𝜏,0 = 𝜏𝜏�(1 − 𝜗𝜗)𝑠𝑠( 1 − (1 − 𝜎𝜎)𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)𝜍𝜍)𝑛𝑛 + 𝜗𝜗𝑠𝑠( 1 −

(1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛 + 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜍𝜍)𝑛𝑛 �,
with 𝜍𝜍 = 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝜀𝜀).

(2.28)

When women are enrolled on PrEP, their HIV risk for a 12-month period is:
Π(𝑟𝑟𝑏𝑏𝛼𝛼 ) = 1 − �𝑝𝑝(𝜓𝜓(1−𝜏𝜏),𝑟𝑟𝑟𝑟𝛼𝛼 + 𝜓𝜓𝜏𝜏,

𝑟𝑟𝑟𝑟𝛼𝛼 )

𝐶𝐶

+ (1 − 𝑝𝑝)� .
106

Here:
𝜓𝜓(1−𝜏𝜏), 𝑟𝑟𝑟𝑟𝛼𝛼 = (1 − 𝜏𝜏)�(1 − 𝜗𝜗)𝑠𝑠( 1 − 𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − 𝜅𝜅)𝑛𝑛 + 𝜗𝜗𝑠𝑠( 1 − (1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛
+ 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜚𝜚)𝜅𝜅)𝑛𝑛 �

𝜓𝜓𝜏𝜏, 𝑟𝑟𝑟𝑟𝛼𝛼 = 𝜏𝜏�(1 − 𝜗𝜗)𝑠𝑠( 1 − (1 − 𝜎𝜎)𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)𝜅𝜅)𝑛𝑛 + 𝜗𝜗𝑠𝑠( 1 −

(1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛 + 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜅𝜅)𝑛𝑛 �,
with 𝜅𝜅 = 𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)

(2.29)

Where high-risk women from population 𝑗𝑗 have partners drawn from two male populations,

denoted 1 and 2, their HIV risk for a 12-month period, in the absence of PrEP is:
𝐶𝐶

𝐶𝐶2

1
2
1
2
Π(0) = 1 − �𝑝𝑝1 (𝜓𝜓(1−𝜏𝜏),0
+ 𝜓𝜓𝜏𝜏,0
) + (1 − 𝑝𝑝1 )� 1 �𝑝𝑝2 (𝜓𝜓(1−𝜏𝜏),0
+ 𝜓𝜓𝜏𝜏,0
) + (1 − 𝑝𝑝2 )�

Where

1
𝜓𝜓(1−𝜏𝜏),0
= (1 − 𝜏𝜏1 )�(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − 𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − 𝜍𝜍1 )𝑛𝑛1

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜚𝜚)𝜍𝜍1 )𝑛𝑛1 �

1
𝜓𝜓𝜏𝜏,0
= 𝜏𝜏1 �(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)𝜍𝜍1 )𝑛𝑛1

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜍𝜍1 )𝑛𝑛1 �

With 𝜍𝜍1 = 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝛾𝛾1 )

And,

2
= (1 − 𝜏𝜏2 )�(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − 𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − 𝜍𝜍2 )𝑛𝑛2
𝜓𝜓(1−𝜏𝜏),0

+ 𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜚𝜚)𝜍𝜍2 )𝑛𝑛2 �

2
𝜓𝜓𝜏𝜏,0
= 𝜏𝜏2 �(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)𝜍𝜍2 )𝑛𝑛2 +

𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜍𝜍2 )𝑛𝑛2 �
With 𝜍𝜍2 = 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝛾𝛾2 )

(2.30)

Where women are enrolled on PrEP, their HIV risk for a 12-month period is:
𝐶𝐶1

𝐶𝐶2

1
2
1
2
Π(rj 𝑏𝑏αj ) = 1 − �𝑝𝑝1 (𝜓𝜓(1−𝜏𝜏),
𝑟𝑟𝑟𝑟𝛼𝛼 + 𝜓𝜓𝜏𝜏, 𝑟𝑟𝑟𝑟𝛼𝛼 ) + (1 − 𝑝𝑝1 )� �𝑝𝑝2 (𝜓𝜓(1−𝜏𝜏), 𝑟𝑟𝑟𝑟𝛼𝛼 + 𝜓𝜓𝜏𝜏, 𝑟𝑟𝑟𝑟𝛼𝛼 ) + (1 − 𝑝𝑝2 )�

Where 𝑗𝑗 = 1, with:

107

1
𝑛𝑛1
+ (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − 𝜅𝜅1 )𝑛𝑛1
𝜓𝜓(1−𝜏𝜏),
𝑟𝑟𝑟𝑟𝛼𝛼 = (1 − 𝜏𝜏1 )�(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − 𝛿𝛿𝜅𝜅1 )

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜅𝜅1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜚𝜚)𝜅𝜅1 )𝑛𝑛1 �

1
𝑛𝑛1
𝜓𝜓𝜏𝜏,
+ (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)𝜅𝜅1 )𝑛𝑛1
𝑟𝑟𝑟𝑟𝛼𝛼 = 𝜏𝜏1 �(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜅𝜅1 )

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜅𝜅1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜅𝜅1 )𝑛𝑛1 �

With:

𝜅𝜅1 = 𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )
And, 𝑗𝑗 = 2, with:

2
𝑛𝑛2
𝜓𝜓(1−𝜏𝜏),
+ (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − 𝜅𝜅2 )𝑛𝑛2
𝑟𝑟𝑟𝑟𝛼𝛼 = (1 − 𝜏𝜏2 )�(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − 𝛿𝛿𝜅𝜅2 )

+ 𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜅𝜅2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜚𝜚)𝜅𝜅2 )𝑛𝑛2 �

𝜓𝜓𝜏𝜏,2 𝑟𝑟𝑟𝑟𝛼𝛼 = 𝜏𝜏2 �(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜅𝜅2 )𝑛𝑛2 + (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)𝜅𝜅2 )𝑛𝑛2

+ 𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜅𝜅2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜅𝜅2 )𝑛𝑛2 �

With 𝜅𝜅2 = 𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾2 )

(2.31)
(2.42)

To assess the relative impact and cost-effectiveness of PrEP scale-up, FSW are taken as the
benchmark against which other high-risk women groups are assessed, as they are priority groups for
PrEP roll-out in the three country settings39,40,41 in view of their very high levels of HIV risk6,58,68,69.
The following analytical relations are derived to guide the PrEP scale-up analysis.
Let $𝑌𝑌𝑗𝑗 be the unit cost per high risk woman from population 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹 retained in a PrEP program

for population 𝑗𝑗, with 12-month retention level 𝑟𝑟𝑗𝑗 , and $𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹 the equivalent unit cost for a FSW PrEP
program per FSW retained with 12-month retention level 𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 .

$Y

The program’s cost to avert 1 infection per year due to PrEP in each population is Π (0)−Π j(r 𝑏𝑏
$YFSW
ΠFSW (0)−ΠFSW (rFSW bαFSW )

respectively.

j

j

j αj )

and

Building on equation (2.23), a PrEP program for high risk population 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹 will then be equally as
cost-effective per infection averted due to PrEP, as it is for FSW, where:
$Yj

$YFSW

=

Πj (0)−Πj (rj bαj )

ΠFSW (0)−ΠFSW (rFSW bαFSW )
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(2.32)
To determine the coverage, 𝜔𝜔𝑗𝑗 , of PrEP in high-risk woman population 𝑗𝑗 ≠ 𝐹𝐹𝑆𝑆𝐹𝐹 needed to achieve

the same risk reduction as coverage 𝜔𝜔𝐹𝐹𝑆𝑆𝐹𝐹 in FSW, we have:

𝜔𝜔𝑗𝑗 𝑁𝑁𝑗𝑗 (1 − 𝑝𝑝𝑗𝑗) �Π𝑗𝑗 (0) − Π𝑗𝑗 (𝑟𝑟𝑗𝑗𝑏𝑏𝛼𝛼𝑗𝑗 )� = 𝜔𝜔𝐹𝐹𝑆𝑆𝐹𝐹 𝑁𝑁𝐹𝐹𝑆𝑆𝐹𝐹 (1 − 𝑝𝑝𝐹𝐹𝑆𝑆𝐹𝐹 )�Π𝐹𝐹𝑆𝑆𝐹𝐹 (0) − Π𝐹𝐹𝑆𝑆𝐹𝐹 (𝑟𝑟𝐹𝐹𝑆𝑆𝐹𝐹𝑏𝑏𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 )�

(2.33)

Which is when:
𝜔𝜔𝑗𝑗 = 𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹

𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1 − 𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 )�Π𝐹𝐹𝐹𝐹𝐹𝐹 (0) − Π𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝑏𝑏𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 )�
𝑁𝑁𝑗𝑗 (1 − 𝑝𝑝𝑗𝑗 ) �Π𝑗𝑗 (0) − Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝑏𝑏𝛼𝛼𝑗𝑗 )�

(2.34)

These levels of coverage would be at a relative total cost of:
$𝑌𝑌𝑗𝑗 𝜔𝜔𝑗𝑗 𝑁𝑁𝑗𝑗 (1−𝑝𝑝𝑗𝑗 )

$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹 𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹 𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1−𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 )

(2.35)
(2.46)

If PrEP were to be scaled up at equal coverage in both populations, then the relative number of
infections averted per year in high-risk woman population 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹with respect to the FSW

population would be:

𝑁𝑁𝑗𝑗 (1−𝑝𝑝𝑗𝑗 )(Π𝑗𝑗 (0)−Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝑏𝑏𝛼𝛼𝑗𝑗 ))

𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1−𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 )(Π𝐹𝐹𝐹𝐹𝐹𝐹 (0)−Π𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝑏𝑏𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 ))

(2.36)

This is equivalent to the relative total maximum number of infections averted per year if PrEP
programs were scaled up to all HIV negative women in each population.

For each $100𝑘𝑘 available for PrEP programming for each population, the estimated number of

infections averted a year in each population would be, in high-risk women 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹:
$100𝑘𝑘
(Π𝑗𝑗 (0) −
$𝑌𝑌𝑗𝑗

In FSW:

Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝑏𝑏𝛼𝛼𝑗𝑗 )),

$100𝑘𝑘
(𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (0) −
$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹

𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝑏𝑏𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 ))
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(2.37)
The proportion of the potential total number of infections that could be averted a year in each
population with $100𝑘𝑘, in high-risk women 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹, is:
$100𝑘𝑘.(Π𝑗𝑗 (0)−Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝑏𝑏𝛼𝛼𝑗𝑗 ))
$𝑌𝑌𝑗𝑗 .𝑁𝑁𝑗𝑗 (1−𝑝𝑝𝑗𝑗 ).Π𝑗𝑗 (0)

In FSW:

$100𝑘𝑘.(𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (0)−𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝑆𝑆𝑆𝑆 𝑏𝑏𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 ))
$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹 .𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1−𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 ).𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (0)

(2.38)

Estimation of current PrEP unit costs per person retained after 12-months
In order to be able to compare the relative costs at which PrEP scale-up from FSW to another highrisk group is equally cost-effective to current relevant unit costs between the populations, estimates
of the current cost of PrEP per person retained after 12-months for each high-risk women group
were developed. These estimates of the current costs of PrEP for each group of high-risk women in
each of South Africa, Zimbabwe and Kenya were developed by Dr Gabriela Gomez, a Health
Economist. The following costing methodology was developed by Dr Gomez:
To estimate the cost of PrEP to each high-risk group of women, FSW were assumed to be offered
PrEP through programmes with outreach and community mobilisation components. All other
women were assumed to be offered PrEP through sexual and reproductive health services, with
services for AGYW having larger counselling components. Cost data were reviewed from PrEP OLE,
demonstration and implementation projects and previous PrEP costing publications in Kenya70,71 and
South Africa43 (None were available from Zimbabwe).
Cost estimates were disaggregated into service delivery and drug costs. The reported drug costs
were replaced by a range of $57-80 per year. The lower bound is the internationally traded value of
USD3.75 with a 25% top up of freight and distribution costs in country (15% shipping and handling
charges, and 10% for drug distribution costs)72. The high bound is the highest reported price for
drugs in the demonstration projects - 30 days of TDF/FTC at $6.75. For Zimbabwe, in addition to drug
costs, non-tradable components of the South African estimates were transferred using purchasing
power parities73 following standard methods74. All previously published costs were adjusted to
$201775. The amounts and detailed assumptions underpinning the estimated unit costs for each
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high-risk women group by country are set out in the Annex to this thesis, in Supplementary
Materials to Research Paper 3.

Analyses to inform strategies for PrEP scale-up
The following analyses were undertaken to inform strategies for PrEP scale-up across high-risk
women in each country context.
First, the maximum unit costs of PrEP for non-FSW high-risk women relative to FSW is estimated, for
scale-up to be equally as cost-effective as it is in FSW, for all three countries using equation (2.32).
These are compared to the current estimated relative unit costs of PrEP between for non-FSW highrisk women and FSW as set out in the ‘Estimation of current PrEP unit costs per person retained after
12-months’ section above.
Then, the number of infections that could be averted a year due to PrEP in each high-risk women
population group are estimated, in each country, for every $100,000 available for PrEP programming
using equation (2.37). The proportion of HIV infections that could be averted a year for every
$100,000 allocated to each group is estimated using equation (2.38).
Finally, given the differences in relative population sizes between the high-risk women groups in
each country, the relative number of HIV infections that could be averted a year with PrEP at equal
coverage levels across all high-risk women groups is each country is estimated using equation (2.36).

Programming tool
The equations for Research Paper 3 were also evaluated in R5, as flexible programming platform that
facilitates fitting the model equations to incidence data and for running and storage of the results of
multiple country and population simulations.

Uncertainty analysis
Parametric uncertainty: Data ranges to parameterise the models for each high-risk women group are
fitted to the latest national estimates of HIV incidence by population and country using Bayesian
Monte Carlo methods with Latin Hypercube Sampling assuming uniform prior distributions using the
R PSE Package76, giving yield to at least 200 sets of parameter fits for each high-risk woman
population modelled and allowing for the evaluation of uncertainty ranges.
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Two further parametric uncertainty analyses are undertaken, to assess the sensitivity of the model
results to the PrEP adherence levels assumed for all non-FSW high-risk women groups, given the
particular uncertainty around the data parameterization. At the time of undertaking the analysis,
there were no PrEP adherence data available for women other than for FSW under the TaSP
demonstration project in South Africa43. As such, for non-FSW high-risk women groups PrEP
adherence was taken to be the same as in FSW. To explore the sensitivity of the results to this
assumed level of PrEP adherence, the analyses were repeated with 1) 25% lower (not higher, as the
existing upper bound is 99%) HIV risk-reduction across all groups; and 2) 25% lower HIV riskreduction across AGYW, women 25-34 years and women 35-49 years (but unchanged among FSW).
Structural sensitivity: Whist the literature only provides evidence of women aged 15-25 years having
male partners from an older population group in these three settings, we explored how the model
outcomes change if women aged 25-34 years are also assumed to have male partners from an older
population group (35-49 years) with higher HIV prevalence. This model structural sensitivity analysis
was parameterised illustratively assuming 50% the number of partners a year from the male
population 35-49 years as had by women 35-49 years (in addition to their partnerships with males
25-34 years).
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Chapter 3
3. Research Paper 1: When are declines in condom use
while using PrEP a concern? Modelling insights from a
Hillbrow, South Africa case study
3.1 Introduction to Research Paper 1
Research Paper 1 aims to respond to objectives 1 and 2 of the thesis by assessing how behavioural
disinhibition may affect the potential HIV risk reduction of PrEP for high-risk women. It addresses
this question considering a spectrum of different baseline condom consistencies (prior to the
introduction of PrEP) and for different levels of HIV risk reduction achieved on PrEP. The study aims
to assist policy makers in identifying and focusing programming efforts on women likely to be at
increased risk of HIV should behavioural disinhibition occur in PrEP programs.
This study is applied to a particularly high HIV risk population and high HIV risk setting - to FSW, who
typically have significantly elevated levels of HIV risk compared to women in the general population1,
and to the setting of Hillbrow, in inner Johannesburg, South Africa. Specifically, in this context,
female sex workers are estimated to have extremely high HIV prevalence levels of 72%2, with high
prevalence levels of HIV among men in the general population (26% (95% confidence interval: 2329%) among men aged 25-49) 3.
At the time this study was undertaken, PrEP had yet to be rolled out in South Africa, and was being
explored through demonstration projects, such as the TaPS4 demonstration project for female sex
workers in Hillbrow, which serves as the setting for this modelling study. No studies had yet equated
levels of PrEP adherence to levels of HIV risk reduction in women, nor determined whether the
levels of PrEP adherence needed to be the same between men and women to achieve the same
levels of HIV risk reduction. This study was the first to use mathematical models to explore the effect
of different levels of PrEP adherence-associated HIV risk reduction in women on PrEP programme
outcomes, with the aim of informing policy on PrEP roll-out.
Given the lack of data available at the time to equate level of PrEP adherence with levels of HIV risk
reduction in women, this study refers to data from a demonstration project in MSM and TGW to
indicatively link levels of HIV risk reduction to numbers of PrEP tablets taken a week by female sex
workers5. It has since been recognised that 100% risk reduction on PrEP necessitates higher levels of
adherence in women (6 out of 7 tablets a week, mode of transmission through heterosexual
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intercourse) than in men (4 out if 5 in MSM and TGW, mode of transmission through anal
intercourse).6

119

3.2 Cover Sheet

120

3.3 Research Paper 1

When are declines in condom use while using PrEP a concern?
Modelling insights from a Hillbrow, South Africa case study
Hannah GRANT1§, Zindoga MUKANDAVIRE1, Robyn EAKLE1,2, Holly PRUDDEN1, Gabriela B GOMEZ1,3,
Helen REES1,2 and Charlotte WATTS1.

Faculty of Public Health and Policy, London School of Hygiene and Tropical Medicine, London, UK

1

Wits Reproductive Health and HIV Institute, University of the Witwatersrand, Johannesburg, South

2

Africa
Amsterdam Institute for Global Health and Development, Department of Global Health, Academic

3

Medical Center, University of Amsterdam, Amsterdam, The Netherlands

Corresponding author: Hannah Grant, Department of Global Health & Development,
Faculty of Public Health & Policy, London School of Hygiene & Tropical Medicine,
15-17 Tavistock Place, London WC1H 9SH, UK. +41 7947 67 033.

Published in: Journal of the International AIDS Society. Volume 20, Issue 1
Publication Date: 20 September 2017
https://doi.org/10.7448/IAS.20.1.21744

121

Abstract

Objectives: To assess whether decreased levels of condom use following introduction of oral preexposure prophylaxis (PrEP) might limit HIV risk reduction for female sex workers (FSWs).
Design: A static mathematical model of HIV risk.
Methods: We compared HIV risk estimates before and after the introduction of PrEP to determine
the maximum tolerated reductions in condom use with regular partners and clients for HIV risk not
to change. The model incorporated the effects of increased STI exposure owing to decreased
condom use. Noting that condom use with regular partners is generally low, we also estimated the
change in condom use tolerated with clients only, to still achieve 50% and 90% risk reduction on
PrEP. The model was parameterised using data from Hillbrow, Johannesburg. Sensitivity analyses
were performed to ascertain the robustness of our results.
Results: Reductions in condom use could be tolerated by FSWs with lower baseline condom use
(<50%), or where PrEP effectiveness achieved is reasonably high (>65%). For scenarios where 75%
PrEP effectiveness is attained, 50% HIV risk reduction on PrEP would be possible even with 100%
reduction in condom use from consistent condom use as high as 70% with clients. Increased
exposure to STIs through reductions in condom use had limited effect on the reductions in condom
use tolerated for HIV risk not to increase on PrEP.
Conclusions: PrEP is likely to be of benefit in reducing HIV risk, even if reductions in condom use
does occur. Efforts to promote consistent condom use will be critical for FSWs with high initial levels
of condom use, but with challenges in adhering to PrEP.

Conflicts of Interest and Source of Funding: The authors declare no conflicts of interest.
Contributions: HG and CW designed the study. All authors input into the analyses and contributed to
the writing of the paper.
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Introduction
Oral pre-exposure prophylaxis (PrEP) is a promising approach to HIV prevention. It is hoped that
PrEP might become an effective addition to combined HIV prevention and help to significantly
reduce HIV risk for vulnerable groups. This would be especially critical for those populations with low
ability to negotiate condom use due to gender and societal power imbalances, such as young
women in heterosexual relationships7 and sex workers8. Proof of concept has been demonstrated9
in four out of the six randomized controlled trials conducted to date, in which higher levels of HIV
risk reduction were associated with higher levels of adherence. Open label extension studies9–12 have
confirmed PrEP’s importance as a prevention tool, with up to 100% risk reduction estimated in the
Open Label Extension (OLE) of the iPrEx trial13 for men and transgender women who have sex with
men adhering to PrEP for at least four out of seven doses a week.
Nonetheless, the two randomised controlled trials14,15 stopped early for futility cited lack of
adherence by the study populations as the cause. Additional implementation concerns have been
raised, including antiretroviral (ARV) resistance development resulting from sub-optimal drug
adherence levels16, contraindications17, challenges in acceptability18, barriers to access and
programme retention19, and behaviour change20–24. Noting both the positive trial results as well as
implementation concerns, in July 2012 the World Health Organisation (WHO) 25 called for countries
to undertake demonstration projects to gain insight into acceptability, patterns of use, and
sustainability of PrEP.
Data since gathered has informed WHO’s September 2015 PrEP guidance26 recommending oral PrEP
for all people at substantial risk of HIV (incidence >3 per 100 person years). However, concerns
remain27–31 regarding the potential limiting effects of a particular form of behaviour change reductions in condom use (“condom migration”) - on PrEP. Reductions in condom use not only
increase the chance of HIV exposure, but also the exposure to and transmission of sexually
transmitted infections (STIs). Increased exposure to STIs increases both the susceptibility of an HIV
negative partner, as well as the infectiousness of an HIV positive partner, and thereby HIV
transmission32. Whilst no trial to date has reported decreased condom use, the high rate of
pregnancies reported in the trials18, results of behavioural surveys33 and qualitative research19
indicate that efforts to tackle condom migration may need to be considered in the design of PrEP
programmes.
In response to these concerns and to inform PrEP programme design, this study examines the extent
to which condom migration is likely to impact PrEP effectiveness in programmes for female sex
workers (FSWs). We focus on the FSW population working in Hillbrow, Johannesburg, some of whom
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are participating in a PrEP demonstration programme undertaken by the Wits Reproductive Health
and HIV Institute (WRHI)34. The FSW populations in this setting present extremely high baseline HIV
prevalence (estimated to be up to 72%2,35), elevated levels of STIs2,36, low levels of condom use with
often high HIV risk37 regular partners, and known challenges in condom negotiation with clients,
where in such settings FSWs may receive a quarter of the average price for transactional sex if
condoms are insisted upon23.
Our study aims to inform rapidly changing policy in South Africa where in November 2015, South
Africa’s Medicines Control Council approved the use of the fixed-dose combination of TDF/FTC as
PrEP38. Locally-adapted guidelines39 were published in early 2016 and PrEP was recently included in
South Africa’s National Sex Worker HIV Plan (2016–2019)40. PrEP roll out for sex workers started in
June 2016.
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Methods
This work builds on that in Foss et al41, where an adaption of an HIV risk equation was used to assess
microbicides as a new HIV prevention method. This study uses the established Bernoulli model of
HIV transmission42–45 where the probability of the HIV virus being transmitted through each sexual
contact is treated as an independent risk event. We employed static rather than dynamic
mathematical modelling to obtain clear deductions regarding the contribution of the parameters
being explored to HIV risk, and for the derivation of rules of thumb that can be broadly understood
and applied to HIV prevention efforts focused on FSWs. Whilst previous studies41,46,47 have used
mathematical modelling to predict the impact of condom migration on the effectiveness of ARVbased microbicides, this is the first study to consider its impact on oral PrEP, in particular for FSWs.
The HIV risk equations for a population of HIV-negative FSWs and their partners prior to, and
following introduction of, PrEP are outlined in the Supplementary Methods. To explore the
consequences for FSWs of condom migration on PrEP, condoms are assumed to be used with
consistency that may vary with the introduction of PrEP (𝛾𝛾0 prior to PrEP introduction and 𝛾𝛾1 after

its introduction). We assumed condoms to have an HIV risk reduction efficacy, 𝜀𝜀, including slippage
and breakage. Whilst the risk reduction effectiveness of condoms is generally assumed to follow a
linear relationship between use and efficacy (𝜀𝜀𝜀𝜀), the exact effectiveness relationship between
adherence and PrEP efficacy remains under investigation48–50 (although one study suggested a linear
relationship51), so we assume an overall level of ‘PrEP effectiveness’, 𝑏𝑏𝛼𝛼 , corresponding to a level of

FSW PrEP adherence, 𝛼𝛼. No partner populations are assumed to be taking PrEP.
Single partner population

We started the analysis by considering a single partner population, in whom the proportion HIV
infected is 𝑝𝑝. For a given time period, a FSW is assumed to have n partners, each with whom she has

an average of 𝑚𝑚 sex acts. For simplicity these equations assume an overall average probability of HIV
transmission, 𝛽𝛽, per sexual contact with an HIV infected partner.

We used the HIV risk equations to derive two key threshold conditions: 1) the level of PrEP
effectiveness that must be attained for PrEP to be of benefit in reducing HIV risk, considering any
change in condom consistency; and 2) the ‘break-even’ level of condom consistency after
introduction of PrEP such that HIV acquisition risk is not increased.
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Single partner population, accounting for increased STI exposure
We expanded our analysis to explore the increased risk of HIV transmission resulting from exposure
to STIs, should condom migration occur and PrEP use be inconsistent. Parameter s is taken as the
probability that at least one person in the partnership has an STI, and 𝛿𝛿 the multiplicative increase in
per sex act probability of HIV transmission in the presence of an STI.

We derived the percentage reduction in condom consistency tolerated for HIV risk not to increase
on PrEP and compared these results to those not accounting for increased STI exposure, to see
whether conclusions remain robust.

Two partner populations, accounting for increased STI exposure
We then extended the HIV risk equations to account for risk arising from two distinct partner
populations: clients ("𝑐𝑐") and regular partners("𝑟𝑟"). In this setting, condom consistency with regular

partners is low52 and clients sometimes pay more for condom-less sex37. As such, any change in

condom consistency on PrEP is likely to be more profound with clients, and therefore its impact on
HIV risk. We thus examined the percentage reduction in condom consistency with clients tolerated
for HIV risk not to increase on PrEP, holding condom consistency with regular partners constant
(using Appendix 2: Supplementary Materials equations S14 and S15). We assessed whether the
results remain the same, accounting or not for increased STI exposure through decreased condom
use. To gauge whether, in such settings, changes in condom use with clients or regular partners
present the biggest HIV risk, we assessed whether there is a significant difference in the percentage
reduction in condom consistency with clients tolerated for HIV risk not to increase, if PrEP use
reduces condom use to zero with regular partners.
The equations were solved numerically using Solver in Microsoft Excel 2013 (set to perform 10,000
iterations per calculation) to ascertain the maximum change in condom consistency that can be
tolerated for PrEP to remain of benefit, considering increased exposure to STIs, across a range of
possible attained PrEP effectiveness levels.

Data and model parameterisation
The HIV risk equations were parameterised using sexual behaviour data from Hillbrow, Johannesburg
collected by WRHI, as well as biological and epidemiological data from other literature (Supplementary
Methods: Table S1). As there is uncertainty about the PrEP effectiveness corresponding to levels of
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drug adherence, calculations were carried out for a range of simulated values of PrEP effectiveness
for a given adherence value (𝑏𝑏𝛼𝛼 ). The values simulated roughly span the range of risk reduction

estimated through the iPrEx OLE13 study (between 44% corresponding to fewer than 2 tablets a week

and 100% corresponding to at least 4 tablets a week). We started from a slightly lower baseline of 35%
to reflect, conservatively, that this study was conducted in a different study population.
It was assumed that all sex acts are peno-vaginal on the basis of available epidemiological data for
FSWs in Hillbrow52. Three months was chosen as the period of HIV risk evaluation, as this corresponds
to the period after which an HIV test must be performed on PrEP to check for seroconversion (amongst
other indicators)38,53.

Sensitivity analysis
Two categories of sensitivity analysis were performed. Firstly, the calculations were repeated for two
boundary cases: high risk (HR) and low risk (LR) FSWs, parameterised using high and low risk values
in the HIV risk equation for the sexual behaviour parameters (% partners HIV infected, number of
partners and average number of sex acts per three months, probability at least one person in the
partnership has an STI) and the transmission probability parameters (condom HIV risk reduction
efficacy, probability of HIV transmission through peno-vaginal sex, multiplicative increase in per sex
act probability of HIV transmission in the presence of an STI).
A second set of sensitivity analyses were undertaken to explore the case that any condom migration
brings with it increases in STI prevalence, and therewith risk of HIV transmission. In spite of high
levels of STI treatment in the FSW population34, to obtain conservative results in terms of change in
condom consistency tolerated following the introduction of PrEP, we assumed that STIs are present
in all partnerships where reductions in condom consistency occur, and that these STIs are
transmitted through the sex act if not already present in both partners. The probability that at least
one person in the partnership has an STI following the introduction of PrEP is therefore assumed to
increase at the same rate as the change in condom consistency.
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Results
Single partner population
We deduced that where the level of PrEP effectiveness achieved equals or exceeds that of condoms
(i.e. condom efficacy * baseline condom consistency), PrEP will be of equal or greater benefit in
reducing HIV risk and therefore condom use could be reduced to zero without HIV risk increasing.
Where the level of PrEP effectiveness is less than the effectiveness originally achieved with
condoms, we see that greater drops in condom consistency can be tolerated for those FSW with
lower baseline condom consistencies.
Figure 1 shows the break-even condom consistency after introduction of PrEP such that HIV risk is
not increased. Large relative reductions in condom consistency on PrEP are anticipated to be
especially well tolerated where higher levels of PrEP effectiveness achieved (>65%). For FSWs whose
baseline consistencies are low (<55%), or where there is not anticipated to be a large relative drop in
condom consistency on PrEP, even the achievement of low levels of PrEP effectiveness will reduce
HIV risk.

Break-even condom consistency

100%
80%

=35%

=45%

=55%

=65%

=75%

=85%

60%
40%
20%
0%

30%

40%

50%

60%

70%

80%

90%

100%

Baseline condom consistency

Figure 1: Break-even condom consistencies following introduction of PrEP.
In the case of a single partner population, the figure describes the break-even condom consistencies (the levels that condom
use could be reduced to, following introduction of PrEP) such that HIV risk is not increased on PrEP. These break-even levels
are shown for baseline condom consistencies between 30% and 100%, and corresponding to six different levels of achieved
PrEP effectiveness ranging from 35% to 85% (85% corresponding to the level of condom efficacy assumed in this study).

128

Single partner population, accounting for increased STI exposure
The results show that reductions in condom consistency on PrEP are especially well tolerated for
FSWs with lower baseline condom consistencies (<50%) and where higher levels of PrEP
effectiveness are achieved (>65%). Even for the lowest level of 35% PrEP effectiveness simulated
(which would correspond to adherence to fewer than two tablets a week according to iPrEx OLE13
estimates), the percentage reduction in condom consistency tolerated steadily increases upwards
from a minimum reduction of 17% (corresponding to 90% baseline condom consistency) to 100%
migration (corresponding to 30% baseline condom consistency).
Where PrEP effectiveness of 85% can be achieved (which would correspond to adherence of 2-3
tablets a week according to iPrEx OLE13 estimates; and the exact level of assumed condom
protection efficacy simulated for the base case), 100% condom migration can uniformly be tolerated
across all baseline condom consistencies simulated.
The percentage change in condom consistency possible is almost the same (<1% difference) whether
STIs are accounted for or not in the HIV risk equations (Supplementary Results: Table S2, shown
graphically in Figure 2). This is because, whilst inclusion of STI parameters in the mathematical HIV
risk equations does result in increased HIV risk levels on an absolute basis, it does not significantly
affect change in risk on a relative basis.

129

% reduction in condom consistency
tolerated
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Figure 2: Percentage reduction in condom consistency tolerated with a single partner population for HIV risk not to
increase on PrEP, accounting for the effect of STIs on HIV risk.
For different baseline condom consistencies between 30 and 95%, the figure describes the percentage reduction in condom
consistency that could be tolerated on PrEP corresponding to six different levels of achieved PrEP effectiveness, ranging
from 35% to 85% (85% corresponding to the level of condom efficacy assumed in this study).

Sensitivity analysis
Looking at the boundary cases of high and low risk FSW reveals only small variations in the
percentage reduction in condom consistency tolerated (accounting for STIs or not in the equations).
This is especially true at lower levels of PrEP effectiveness and higher baseline condom consistencies
(4-8% reduced reduction in condom consistency tolerated), although this is slightly more
pronounced at higher levels of PrEP effectiveness (up to 22% reduced reduction).
Should condom migration bring with it increases in STI prevalence in the population, there would be
modest reductions in the percentage reduction in condom consistency tolerated (at most 22%
reductions in relative terms compared to the base case results, or between 2% and 20% less in
absolute terms), though the differences in the results are smaller especially where PrEP
effectiveness achieved is lower (<65%) and initial condom consistency is high (>70%), or where PrEP
effectiveness achieved is higher (≥65%) and initial condom consistency is below ~80%.
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Two partner populations, accounting for increased STI exposure
Table 1 demonstrates the percentage reductions in condom consistency with clients tolerated to
achieve 50% or 90% levels of reduction in HIV risk on PrEP, condom consistency with regular
partners held constant (at 10%54).
Achievement of 50% reduction in HIV risk on PrEP is feasible across all simulated PrEP effectiveness
levels (55%, 75%, 95%) and baseline condom consistencies (30-90%). As seen for single partner
populations, reductions in condom consistency are best tolerated for FSWs with lower baseline
levels with clients or where higher PrEP effectiveness levels are achieved.
A FSW with initial condom consistency of 30% with clients could reduce her consistency by one third
and still achieve 50% reduction in HIV risk, if she were able to attain 55% PrEP effectiveness
(corresponding to below 2-3 doses a week per iPrEx OLE13). A FSW achieving 95% PrEP effectiveness
(corresponding to around 4 doses a week per iPrEx OLE13) could tolerate 100% condom migration to
achieve HIV risk reductions in excess of 50%; and so too for those FSWs achieving 75% PrEP
effectiveness for baseline condom consistencies with clients of up to 70%.
Across the parameters simulated, the higher level of 90% risk reduction on PrEP could only be
achieved in the case where PrEP is 95% effective (corresponding to around 4 doses a week per iPrEx
OLE13). In this case, an initially 90% condom consistent FSW could reduce her condom use with
clients by more than half; and for FSWs with baseline condom consistencies with clients of 70% and
lower, 100% condom migration on PrEP could be tolerated.
Again, there is negligible observable (<1%) difference whether or not STIs are accounted for in the
HIV risk equations.
In the case that PrEP leads to full condom migration with regular partners, rather than remaining
consistent at 10%, there is a small further reduction in condom consistency tolerated (between 1-8%
across the scenarios simulated, see Supplementary Results Table S4)).

Sensitivity analysis
Looking at the boundary cases of high and low risk FSW reveals small variation in the percentage
reduction in condom consistency tolerated for the lower level of PrEP effectiveness of 55%. The
variation is more pronounced for higher levels of PrEP effectiveness (75% and 95%), with up to
around one third change in percentage reduction in condom consistency tolerated across the
parameter ranges simulated.
131

In the case that condom migration brings with it increases in STI prevalence in the population, there
are reductions in relative terms of 14%-26% compared to the base case results, and in absolute
terms the reductions are almost uniformly within the range of variation seen through examining the
boundary cases of high and low risk FSW.
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55% PrEP Effectiveness

75% PrEP Effectiveness

95% PrEP Effectiveness

% reduction in condom consistency with clients tolerated to get overall HIV risk reduction of
50%
Initial
condom
consistency
90%
80%
70%
50%
30%

Accounting for
STIs
Base (LR,HR)
6% (-3%,-3%)
8% (-3%,-5%)
10% (-3%,-6%)
18% (-4%,-13%)
37% (-6%,-29%)

Not accounting
for STIs
Base (LR,HR)
6% (-3%,3%)
8% (-3%,2%)
11% (-4%,2%)
19% (-5%,2%)
38% (-7%,0%)

90%
Accounting for
STIs
Base (LR,HR)
-

Not accounting
for STIs
Base (LR,HR)
-

50%

90%

Not accounting for Accounting for
Accounting for STIs
STIs
STIs
Base
(LR,HR)
Base
(LR,HR)
Base (LR,HR)
57% (-27%,26%)
57% (-28%,39%)
76% (-31%,24%)
77% (-31%,23%)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
-

Not accounting
for STIs
Base (LR,HR)
-

50%
Accounting for
STIs
Base (LR,HR)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)

Not accounting
for STIs
Base (LR,HR)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)

90%
Accounting for Not accounting for
STIs
STIs
Base
(LR,HR)
Base
(LR,HR)
56% (-27%,19%)
57% (-28%,37%)
75% (-29%,20%)
76% (-31%,24%)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)

Table 1: Maximum tolerated % reduction in condom consistency with clients (consistency with regular partners held constant) to still achieve 50% or 90% reductions in HIV risk on PrEP, for
different levels of PrEP effectiveness achieved.
For each level of PrEP effectiveness demonstrated, the table shows the % reduction in condom consistency that could be tolerated, from varying levels of initial condom consistency, to achieve
either 50% or 90% HIV risk reduction. The results are shown for both the case that STIs are accounted for in the HIV risk equations, as well as the case that they are not. The results are shown
for the base case parameterization of the model, as well as the boundary cases explored through the first sensitivity analysis of high and low risk FSW. They assume that condom consistency
with regular partners remains constant at 10% before and after introduction of PrEP. The results corresponding to the case that condom consistency with regular partners drops from 10% to
0% following the introduction of PrEP is shown in Table S4 in the Appendix 2: Supplementary Materials.
‘–‘ indicates that achievement of the risk reduction is not possible. ‘*’ indicates full migration will still result in higher levels of risk reduction. ‘Base’ refers to the main calculated results
undertaken using the baseline parameter values. HR stands for high risk and LR stands for low risk FSW, and the results calculated in the sensitivity analysis for the boundary parameter cases.
A graphic depiction of the results corresponding to achievement of 50% HIV risk reduction on PrEP is given in Supplementary Equations, Figure S1.
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Discussion
This study provides insights into the risks associated with condom migration following the
introduction of PrEP into a comprehensive HIV prevention programme for FSWs. The study
demonstrates that the success of PrEP will rest upon its ability to achieve high enough PrEP
adherence in FSWs such that the increased protection achieved outweighs the increased HIV risk
owing to condom migration and increased STIs exposure. The added value for decision makers of our
study lies upon our ability to quantify these trade-offs.
This study has demonstrated that where a FSW’s adherence to PrEP achieves a level of effectiveness
that exceeds that of condoms, PrEP will always reduce HIV risk. Condom migration is anticipated to
be especially well tolerated where baseline levels of condom consistency are low (<50%) or where a
reasonably high level of PrEP effectiveness (>65%) can be achieved. Should FSWs’ condom
consistency with regular partners remain low (~10%) or be reduced to zero on PrEP, reductions in
condom consistency with clients could uniformly be tolerated whilst still achieving 50% HIV risk
reduction (assuming achieved PrEP effectiveness of at least 55%). This is especially noteworthy
having considered probabilities of up to 60% likelihood of STI exposure in a partnership if condom
migration were to occur.
From a programming point of view, strategies to identify FSWs with initially higher condomconsistent behaviour but anticipated to adhere less well to PrEP will be important, and efforts to
promote condom consistency and give adherence support critical. Considering that full condom
migration with regular partners does not substantially increase HIV risk on PrEP (assuming initially
low consistency with regular partners holds true), efforts to encourage condom consistency with
clients will be critical.
The study has demonstrated that the break-even point at which PrEP is beneficial in terms of HIV risk
reduction is driven primarily by the behavioural parameters of condom consistency and drug
adherence, as well as by the efficacy of condoms, and much less by epidemiological parameters. This
is noteworthy in programme design, as efforts to improve and sustain behaviours relating to PrEP
adherence and condom consistency will have the greatest influence on programme outcomes over
epidemiologic context.
There are, however, a number of caveats to the study. This work does not speak to acceptable PrEP
adherence levels, given the risk of ARV resistance, noting that PrEP users in the middle adherence
spectrum are anticipated to be at greatest risk55. This study does not account for a partner’s stage of
HIV infection or ARV use in partner populations. The former may increase HIV risk if partners are
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likely to be recently infected and thus highly viremic, whereas the latter would likely decrease
overall risk; however neither would be expected to impact comparative estimates of change in HIV
risk.
Use of a static rather than dynamic model limits the study to an analysis of FSW HIV risk in isolation
of the dynamics of infections between FSWs, their partners and clients and in turn to FSWs. These
results, whilst suitable to indicate rules of thumb to guide HIV prevention efforts, cannot provide
insight into the downstream impact of the intervention and condom migration on the HIV epidemic
in South Africa. Finally, the data used to characterise the FSW population in Hillbrow is limited by
being self-reported (susceptible to underreporting) and age, as little has been published since the
end of the 1990s, when the HIV epidemic was less evolved56, although studies are underway.
Most importantly, this study indicates that, assuming oral PrEP is proven effective in FSW
populations through ongoing trials, in many situations oral PrEP is likely to be of benefit in reducing
HIV risk even if behaviour change were to be a programme reality. It provides guidance around the
characteristics of FSWs for whom condom migration may be more of an issue (those with initially
high-levels of condom consistency with clients, anticipated to adhere poorly to PrEP and significantly
migrate away from condoms); and those FSWs for whom PrEP is likely to be an important addition to
combined HIV prevention measures (those with initially low condom consistency with clients, or
anticipated to adhere reasonably well to PrEP). Importantly for the latter group, PrEP will provide
additional protection against HIV transmission from regular partners, with whom there is otherwise
little protection given low baseline condom levels. Finally, the analytic approach followed in this
study could easily be adapted to other vulnerable populations beyond FSW.

135

References for Research Paper 1
1.

Scorgie F, Chersich MF, Ntaganira I, Gerbase A, Lule F, Lo Y-R. Socio-Demographic
Characteristics and Behavioral Risk Factors of Female Sex Workers in Sub-Saharan Africa: A
Systematic Review. AIDS Behav. 2012 May 13;16(4):920–33.

2.

South African National AIDS Council. SAHMS Survey on female sex workers in South Africa.
2014.

3.

Human Science Research Council. South African National HIV Prevalence, Incidence,
Behaviour and Communication Survey, 2017, Summary. 2018.

4.

Eakle R, Gomez GB, Naicker N, Bothma R, Mbogua J, Cabrera Escobar MA, et al. HIV preexposure prophylaxis and early antiretroviral treatment among female sex workers in South
Africa: Results from a prospective observational demonstration project. Bekker L-G, editor.
PLOS Med. 2017 Nov 21;14(11):e1002444.

5.

Grant, RM, Anderson, PL, McMahan, V, Liu, A, Amico, KR, and Mehrotra M. Results of the
iPrEx open-label extension (iPrEx OLE) in men and transgender women who have sex with
men: PrEP uptake, sexual practices, and HIV incidence. In: 20th International AIDS
Conference. Melbourne; 2014.

6.

Cottrell ML, Yang KH, Prince HM, Sykes C, White N, Malone S et al. A translational
pharmacology approach to predicting outcomes of preexposure prophylaxis against HIV in
men and women using tenofovir disoproxil fumarate with or without emtricitabine. J Infect
Dis. 2016;214(1):55–.

7.

Langen TT. Gender power imbalance on women’s capacity to negotiate self-protection
against HIV/AIDS in Botswana and South Africa. Afr Health Sci. 2007;5:188–97.

8.

Varga CA. The Condom Conundrum: Barriers to Condom Use among Commercial Sex Workers
in Durban, South Africa. Afr J Reprod Health. 1997 Mar;1(1):74.

9.

Fonner VA, Dalglish SL, Kennedy CE, Baggaley R, O’Reilly KR, Koechlin FM, et al. Effectiveness
and safety of oral HIV preexposure prophylaxis for all populations. AIDS. 2016;30(12):1973–
83.

10.

Martin, M, Mock, P, Curlin, M, Vanichseni, S, Suntharasamai, P, Sangkum U et al. Enrollment
and preliminary follow-up of injecting drug users receiving pre-exposure prophylaxis in
Bangkok [abstract]. In: 22nd Conference on Retroviruses and Opportunistic Infections Seattle
Washington Feb 23 - 26, 2015.

11.

Henderson, F, Taylor, A, Chirwa, L, Williams, T, Borkowf, C, Kasonde, M, Casillas P et al.
Characteristics and oral PrEP adherence in the TDF2 open-label extension in Botswana. J Int
AIDS Soc. 2015;18.

12.

Baeten, JM, Donnell, D, Mugo, NR, Ndase, P, Thomas, KK, Campbell, J D, Katabira E et al.
Single-agent tenofovir versus combination emtricitabine plus tenofovir for pre-exposure
prophylaxis for HIV-1 acquisition: an update of data from a randomised, double-blind, phase
3 trial. Lancet Infect Dis. 2014;14(11):1055–64.

13.

Grant RM, Anderson PL, McMahan V, Liu A, Amico KR, Mehrotra M, et al. Uptake of preexposure prophylaxis, sexual practices, and HIV incidence in men and transgender women
who have sex with men: a cohort study. Lancet Infect Dis. 2014 Sep 1;14(9):820–9.

14.

Van Damme, L, Corneli, A, Ahmed, K, Agot, K, Lombaard, J, Kapiga, S, Malahleha, M, Owino, F,
136

Manongi, R, and Onyango J. Preexposure prophylaxis for HIV infection among African women.
N Engl J Med. 2012;367:411–22.
15.

Chirenje, Z, Marrazzo J. MTN Statement on Decision to Discontinue Use of Oral Tenofovir
Tablets in VOICE, a Major HIV Prevention Study in Women. Pittsburg, USA.; 2011.

16.

Cohen, MS, Muessig, KE, Smith, MK, Powers, KA, and Kashuba A. Antiviral agents and HIV
prevention: controversies, conflicts, and consensus. AIDS. 2012;26(13):1585.

17.

Eakle R, Venter W RH. Pre-exposure prophylaxis for HIV prevention: Ready for prime time in
South Africa? South African Med J. 2013;

18.

Cohen, MS, and Baden L. Preexposure prophylaxis for HIV—where do we go from here? N
Engl J Med. 2012;(367):459–61.

19.

Van der Elst, E., Mbogua, J., Operario, D., Mutua, G., Kuo, C., Mugo, P., Kanungi, J., Singh, S.,
Haberer, J., Priddy, F. & Sanders E. High Acceptability of HIV Pre-exposure Prophylaxis but
Challenges in Adherence and Use: Qualitative Insights from a Phase I Trial of Intermittent and
Daily PrEP in At-Risk Populations in Kenya. AIDS Behav. 2013;(17):2162–72.

20.

Murphy D. PrEParing the way [Internet]. HIV Australia. 2011 [cited 2015 Jan 6]. p. 9(3):9-11.
Available from:
http://search.informit.com.au/documentSummary;dn=627460602543771;res=IELHEA ISSN:
1446-0319

21.

Calabrese SK, Earnshaw VA, Underhill K, Hansen NB, Dovidio JF. The Impact of Patient Race
on Clinical Decisions Related to Prescribing HIV Pre-Exposure Prophylaxis (PrEP): Assumptions
About Sexual Risk Compensation and Implications for Access. AIDS Behav. 2014 Feb
24;18(2):226–40.

22.

Mack N, Evens EM, Tolley EE, Brelsford K, Mackenzie C, Milford C, et al. The importance of
choice in the rollout of ARV-based prevention to user groups in Kenya and South Africa: a
qualitative study. J Int AIDS Soc. 2014 Sep 8;17(3(Suppl 2)).

23.

Young I, Flowers P, McDaid LM. Barriers to uptake and use of pre-exposure prophylaxis (PrEP)
among communities most affected by HIV in the UK: findings from a qualitative study in
Scotland. BMJ Open. 2014 Nov 20;4(11):e005717.

24.

Glazek C. Why is no one on the first treatment to prevent HIV. New Yorker. 30(1):2587–99.

25.

World Health Organization. Guidance on oral pre‐exposure prophylaxis (PrEP) for
serodiscordant couples, men and transgender women who have sex with men at high risk of
HIV: recommendations for use in the context of demonstration projects. Geneva; 2012.

26.

World Health Organization. Guideline on when to start antiretroviral therapy and on preexposure prophylaxis for HIV. 2015.

27.

Kirby T, Thornber-Dunwell M. Uptake of PrEP for HIV slow among MSM. Lancet. 2014 Feb
1;383(9915):399–400.

28.

Grov C, Whitfield THF, Rendina HJ, Ventuneac A, Parsons JT. Willingness to Take PrEP and
Potential for Risk Compensation Among Highly Sexually Active Gay and Bisexual Men. AIDS
Behav. 2015 Dec 4;19(12):2234–44.

29.

Carlo Hojilla J, Koester KA, Cohen SE, Buchbinder S, Ladzekpo D, Matheson T, et al. Sexual
Behavior, Risk Compensation, and HIV Prevention Strategies Among Participants in the San
Francisco PrEP Demonstration Project: A Qualitative Analysis of Counseling Notes. AIDS
Behav. 2016 Jul 3;20(7):1461–9.
137

30.

Volk JE, Marcus JL, Phengrasamy T, Blechinger D, Nguyen DP, Follansbee S, et al. No New HIV
Infections With Increasing Use of HIV Preexposure Prophylaxis in a Clinical Practice Setting:
Figure 1. Clin Infect Dis. 2015 Nov 15;61(10):1601–3.

31.

Calabrese SK, Underhill K. How Stigma Surrounding the Use of HIV Preexposure Prophylaxis
Undermines Prevention and Pleasure: A Call to Destigmatize “Truvada Whores.” Am J Public
Health. 2015 Oct 10;105(10):1960–4.

32.

Cohen MS. Sexually transmitted diseases enhance HIV transmission: no longer a hypothesis.
Lancet. 1998 Jun 1;351:S5–7.

33.

Tripathi A, Whiteside YO, Duffus WA. Perceptions and Attitudes About Preexposure
Prophylaxis Among Seronegative Partners and the Potential of Sexual Disinhibition. South
Med J. 2013 Oct;106(10):558–64.

34.

Gomez GB, Eakle R, Mbogua J, Akpomiemie G, Venter WDF, Rees H. Treatment And
Prevention for female Sex workers in South Africa: protocol for the TAPS Demonstration
Project. BMJ Open. 2016 Sep 1;6(9):e011595.

35.

Lane, T, Sibanyoni, M, Manyuchi, A, Osmand, T, Marr, A, Grasso, M, Isdahl, Z, Mutanha, N,
Makhubela, P, Silima, M, Zuma, N, Struthers, H, McIntyre, J, Rees, H FV. High utilization of
health services and low ART uptake among female sex workers (FSW) in three South African
cities: results from the South Africa health monitoring study (SAHMS‐FSW). J Int Aids Soc.
2015 Jul 1;18.

36.

Cwikel JG, Lazer T, Press F, Lazer S. Sexually transmissible infections among female sex
workers: an international review with an emphasis on hard-to-access populations. Sex Health.
2008 Mar 19;5(1):9.

37.

South African National AIDS Council. National strategic plan for HIV prevention, care and
treatment for sex workers. Pretoria; 2013.

38.

Department of Health: Republic of South Africa. National Policy on HIV Pre-exposure
Prophylaxis (PrEP) and Test and Treat (T&T). 2016.

39.

Bekker, LG, Rebe, K, F, Maartens, G, Moorhouse, M, Conradie, F, Wallis, C, Black, V, Harley, B,
Eakles R. Southern African guidelines on the safe use of pre-exposure prophylaxis in persons
at risk of acquiring HIV-1 infection. South Afr J HIV Med. 2016;17(1).

40.

South African National AIDS Council. South African National Sex Worker HIV Plan 2016-2019.
2016.

41.

Foss AM, Vickerman PT, Heise L, Watts CH. Shifts in condom use following microbicide
introduction: Should we be concerned? AIDS. 2003;17(8):1227–37.

42.

Garnett GP, Anderson RM. Strategies for limiting the spread of HIV in developing countries:
conclusions based on studies of the transmission dynamics of the virus. J Acquir Immune
Defic Syndr Hum Retrovirology. 1995 Aug 15;9(5):500–13.

43.

Allard R. A family of mathematical models to describe the risk of infection by a sexually
transmitted agent. Epidemiol . 1990;1(1):30–3.

44.

Pinkerton, SD, Abramson P. The Bernoulli process model of HIV transmission: applications
and implications. In: Holtgrave DR, editors Handbook of economic evaluation of HIV
Prevention programs. New York: Plenum Press; 1998. 13–32 p.

45.

Bell DC, Trevino RA. Modeling HIV risk. J Acquir Immune Defic Syndr. 1999 Nov 1;22(3):280–7.
138

46.

Foss AM, Vickerman PT, Alary M, Watts CH. How much could a microbicide’s sexually
transmitted infection efficacy contribute to reducing HIV risk and the level of condom use
needed to lower risk? Model estimates. Sex Transm Infect. 2009 Aug 1;85(4):276–82.

47.

Karmon E, Potts M, Getz WM. Microbicides and HIV: Help or Hindrance? J Acquir Immune
Defic Syndr. 2003;34(1):71–5.

48.

Amico, KR, Marcus, JL, McMahan, V, Liu, A, Koester, KA, Goicochea, P, Grant R. Study product
adherence measurement in the iPrEx placebo-controlled trial: concordance with drug
detection. J Acquir Immune Defic Syndr. 2014;66(5):530.

49.

Liu, A, Glidden, DV, Anderson, PL, Amico, KR, McMahan, V, Mehrotra, M, Veloso V. Patterns
and correlates of PrEP drug detection among MSM and transgender women in the Global
iPrEx Study. J Acquir Immune Defic Syndr. 2014;67(5):528–37.

50.

Liu, A, Glidden, DV, Anderson, PL, Amico, KR, McMahan, V, Mehrotra, M, Veloso, VG.
Pharmacokinetics of antiretrovirals in genital secretions and anatomic sites of HIV
transmission: implications for HIV prevention. Clin Pharmacokinet. 2014;53(7):611–24.

51.

Liu AY, Yang Q, Huang Y, Bacchetti P, Anderson PL, Jin C, et al. Strong Relationship between
Oral Dose and Tenofovir Hair Levels in a Randomized Trial: Hair as a Potential Adherence
Measure for Pre-Exposure Prophylaxis (PrEP). Haberer JE, editor. PLoS One. 2014 Jan
8;9(1):e83736.

52.

Delany-Moretlwe S. Summary of Behavioural and Epidemiological Data from Hillbrow SexWorker Intervention. Unpublished. Johannesburg, South Africa; 2001.

53.

Department of Health: Republic of South Africa. Guidelines for Expanding Combination
Prevention and Treatment Options for Sex Workers: Oral Pre-Exposure Prophylaxis (PrEP) and
Test and Treat (T&T). Final draft: 11 May 2016. 2016.

54.

Vickerman, P, Watts, C, Delany, S, Alary, M, Rees H and HL. The Importance of Context:
Model Projections on How Microbicide Impact Could be Affected by the Underlying
Epideiologic and Behavioural Situation in 2 African Settings. Sex Transm Dis. 2006;33(6):397–
405.

55.

Hurt CB, Eron JJ, Cohen MS. Pre-Exposure Prophylaxis and Antiretroviral Resistance: HIV
Prevention at a Cost? Clin Infect Dis. 2011 Dec 15;53(12):1265–70.

56.

Rehle T, Shisana O, Pillay V, Zuma K, Puren A, Parker W. National HIV incidence measures-new insights into the South African epidemic. South African Med J . 2007 Mar;97(3):194–9.

139

3.4 Implications for Thesis
The results of Research Paper 1 indicate that for high HIV risk women in a high HIV burden setting,
PrEP is likely to be of benefit in reducing new infections, even if behavioural disinhibition occurs. This
conclusion in made having considered a range of women’s baseline condom consistencies and levels
of HIV risk reduction achieved on PrEP. However, it cautions policy makers that strategies to support
continued condom use will be especially critical for women who had high levels of condom use prior
to PrEP introduction but anticipated to have difficulties in adhering to PrEP.
This agrees with the work by Foss et al41 in relation to an HIV- and STI-efficacious microbicide, which
also found that there are likely to be contexts in which reductions in condom use can be tolerated
(depending on the efficacy and use-effectiveness of the microbicide), and that particular concern
should be paid to individuals with high baseline levels of condom use anticipated to have challenges
in using microbicides consistently. Research Paper 1 goes further by exploring the effect of
reductions in condom consistency among two different partner populations of FSW. This Research
Paper found that condom consistency with regular partners could be reduced to zero, and
reductions in condom consistency with clients still be tolerated whilst achieving 50% HIV risk
reduction, with levels of PrEP use-effectiveness of at least 55%. This is noteworthy given the
incentives for FSW to reduce condom consistency with clients37, and challenges with condom use
between FSW and regular partners52.
This analysis was undertaken using a simple static model, evaluated in Microsoft Excel, which has the
advantage of being relatively easily replicable for application to other contexts or populations. The
use of a simple static model also allowed for the deduction of simple rules of thumb to guide HIV
prevention programming.
However, as the static model does not account for the dynamics of population interactions, the
conclusions of this study cannot account for the downstream effects of PrEP use and behavioural
disinhibition on the wider HIV epidemic over time. Accordingly, Research Paper 2, explores the
extent to which the conclusions made on the basis of a static model hold when the dynamics of
population interactions are accounted for using a dynamic model, evaluated over different time
horizons and in epidemic contexts.
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Chapter 4
4. Research paper 2: Is Modelling complexity always
needed? Insights from modelling PrEP introduction in South
Africa
4.1 Introduction to Research Paper 2
Research Paper 2 aims to respond to thesis objective 3 by assessing the extent to which the
conclusions made in Research Paper 1 hold, when the dynamics of population interaction are
accounted for through incorporation of dynamic modelling effects. To test these conclusions, the
paper matches the static model used in Research Paper 1 with a dynamic model of HIV transmission
between high-risk women and their partner population. It considers two epidemic scenarios: first,
where the underlying HIV epidemic is at equilibrium (as it is now in many countries in sub-Saharan
Africa1), and then, where the underlying HIV epidemic is still increasing (as it was in earlier years in
many epidemics in sub-Saharan Africa1).
The study compares the models’ predictions of the reductions in condom use that can be tolerated
following the introduction of PrEP, without HIV risk increasing over a 20-year time horizon. It also
assesses the extent to which the main policy conclusions made in Research Paper 1 hold when
assessed through the dynamic model formulation. These policy conclusions were as follows:
1. Condom use can be reduced to zero without increasing HIV risk, if the level of HIV risk reduction
achieved through PrEP is at least high as the maximum risk reduction possible through condom
use.
2. Reductions in condom consistency are especially well tolerated where:
i.
ii.

Higher levels of PrEP use-effectiveness are achieved (e.g. ≥65%)

Or where initial condom consistencies are low (e.g. <50%).

3. Even with the achievement of low levels of PrEP use-effectiveness (e.g. ≤45%), reductions in
condom consistency are possible without increasing HIV risk.

For consistency, the models are applied to same population and setting as in Research Paper 1, to
female sex workers in Hillbrow, inner Johannesburg, South Africa.
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It is hoped that the conclusions of Research Paper 2 will help contribute to the wider understanding
of the conditions under which static models, which may be more user-friendly for policy makers, are
sufficiently robust to inform decision making around the introduction of a new HIV prevention
intervention to a population at risk.
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Abstract
Background: Mathematical models can be powerful policymaking tools. Simple, static models are
user-friendly for policymakers. More complex, dynamic models account for time-dependent
changes, but are complicated to understand and produce. Under which conditions are static models
adequate? We compare static and dynamic model predictions of whether behavioural disinhibition
could undermine the impact of HIV pre-exposure prophylaxis (PrEP) provision to female sex workers
in South Africa.
Methods: A static model of HIV risk was developed and adapted into a dynamic model. Both models
were used to estimate the possible reduction in condom use, following PrEP introduction, without
increasing HIV risk. The results were compared over a 20-year time-horizon, in two contexts: at
epidemic equilibrium and during an increasing epidemic.
Results: Over time-horizons of up to five years, the models are consistent. Over longer timeframes,
the static model overstates the tolerated reduction in condom use where initial condom use is
reasonably high (≥50%) and/or PrEP effectiveness is low (≤45%), especially during an increasing
epidemic.
Conclusions: Static models can provide useful deductions to guide policymaking around the
introduction of a new HIV intervention over short-medium time-horizons of up to five years. Over
longer timeframes, static models may not sufficiently emphasize situations of programmatic
importance, especially where underlying epidemics are still increasing.
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Background
Mathematical models play an important role in policy making for public health.2–4 They can be used
to assess the impact of different policy options, which may be impractical to test in implementation
settings or over longer time horizons.2 Nonetheless, there is often hesitation among policy makers to
rely on models, perceived to be an intimidating ‘black box’ process of uncertain applicability to realworld settings.5,6 This may be owing to complexity in model structure, uncertainty around model
assumptions or challenges in model communication.7 As a consequence, potentially useful models
may be underemployed or in some cases inappropriately used to inform decision making.5
Simple models have a comparative appeal for use in policy making. They can be used to deduce
broad principles to guide decision-making through an approach that is easier for policy makers to
understand and critique.8,5 For this reason, we previously used a simple, static model of HIV risk to
assess the potential effect of behavioural disinhibition (in this case: reductions in the use of
condoms) following the introduction of pre-exposure prophylaxis (PrEP) among female sex workers
(FSW) in South Africa.9 Simple models have been used to obtain insights into a number of other
pertinent HIV policy questions – from resource prioritization across low and middle income
countries10 to the scale up of microbicides11,12, the cost-effectiveness of male circumcision in subSaharan Africa13,14, declining HIV test positivity15 and projecting HIV diagnoses among children and
adolescents in New York State16.
To date there has been limited assessment of the conditions under which models of simple
structural form are sufficient to guide policy making in HIV.17–21 A key element of modelling
complexity is the extent to which model conclusions account for time-dependent changes. Static
models take a snap-shot approach and cannot capture the downstream effects of population
interaction. They are typically structurally more straightforward, and less data- and time-intensive to
develop.22,23 By comparison, dynamic models account for changes over time owing to population
interactions and evolving contextual factors. Dynamic models are typically represented by a system
of differential or difference equations, evaluated numerically using programming tools with
increased data requirements. 22,24 As a result, they are more time-intensive and expensive to devise
and calibrate, and often require critical assumptions to be made about current and future trends.21,22
Other key considerations in the design of models to inform policy making include the extent to
which models can be devised, computed and appropriately interpreted by policy makers themselves,
or whether external technical support is required.2,21,25 Simpler models, such as those calculated in
Microsoft Excel, that can be developed and owned by policy makers themselves, may improve their
uptake to inform decision making. However, accessibility needs to be balanced against the risk of
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inaccuracies through model over-simplification, leading to misleading model outcomes or
interpretation, and the derivation of incorrect policy conclusions.3
Modelling studies17,21,26,27 have proposed broad frameworks to guide the development of models for
policy making, noting that models should adopt only the minimum level of complexity needed to
appropriately represent the policy question at hand, in view of the availability of data, the
importance of accounting for interactions between population groups, the time horizon of
assessment and epidemiological context. However, none have given specific guidance around the
characteristics or contexts in which simpler models suffice. Given that simple, static models form the
basic building blocks for more complex models,23 it is important to determine conditions under
which they can reliably provide an accessible approach to guide policy making.
In 2009 Foss et al12 incorporated dynamic features into a static model of HIV risk11 to explore the
impact of microbicide STI-efficacy. In 2014 Mishra et al18,28 assessed the static UNAIDS Modes of
Transmission model,10 used by many countries to prioritise HIV prevention interventions between
groups at population-level. These studies12,18,28 concluded that by not capturing dynamic effects of
partner interaction, the static model underestimates the contribution of epidemic drivers to HIV
transmission over time. Other studies have used static and dynamic models to explore different
aspects of a policy question but have not compared model outcomes.14,29 To the best of our
knowledge, no study has examined the extent to which the conclusions of static models remain
robust to the incorporation of dynamic effects over multiple time-horizons, when assessing the
introduction of a new HIV intervention to a population group.
To contribute to wider understanding of the role of simple, static models in decision making, we
modify our previous model of HIV risk for female sex workers (FSW) in Hillbrow, South Africa9 to
incorporate the dynamics of partner interaction over time. We assess the consistency of policy
conclusions derived between the static and dynamic model formulations. We make this comparison
over different time-horizons, as well as by HIV epidemic stage, to determine whether the underlying
maturity of population epidemics affects the time-dependency of results. The introduction of PrEP
for FSW in South Africa is a pertinent case study, in view of growing concerns around sub-optimal
drug adherence30,31 and behavioural disinhibition,31,32 highlighting the need to understand trade-offs
associated with PrEP outside of trial settings.33
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Methods
Model structures and parameterisation
The static model was developed using the Bernoulli formulation of HIV risk,9 where the probability of
HIV being transmitted through each sexual contact is an independent risk event. The sexual partners
of FSWs are assumed to come from a single population in which the proportion HIV infected is 𝑝𝑝. To

assess the effect of changes in condom consistency following the introduction of PrEP, condoms
were assumed to be used with consistency 𝛾𝛾0 prior to PrEP introduction and 𝛾𝛾1 after its

introduction. As the relationship between PrEP adherence and effectiveness is yet to be defined for

women,34 the model assumes an achieved level of PrEP use-effectiveness, 𝑏𝑏𝛼𝛼 , corresponding to a
level of PrEP adherence, 𝛼𝛼. It was assumed that the probability that at least one person in the

partnership has an STI increases proportionally to decreases in condom consistency, to account for
changes in HIV risk through increased STI exposure. The static model accounts for the effects of ART
and circumcision coverage (in the partner population) on FSWs’ HIV risk. The term ‘useeffectiveness’ is used to describe the HIV risk-reduction achieved through a level of use of an
efficacious HIV prevention intervention (e.g. PrEP or condoms).
A dynamic version of the static model was developed using difference equations, taking the
Bernoulli risk formulation as the force of infection on FSWs per timestep, and an equivalent
formulation for male partner population. Instead of a static HIV prevalence, 𝑝𝑝, the dynamic model

system allows prevalence to change over time as the proportion of HIV infected individuals, 𝐼𝐼/𝑁𝑁,
where 𝐼𝐼 is the number of HIV infected individuals and 𝑁𝑁 the total population size. The dynamic

system accounts for population recruitment and loss due to natural and AIDS-related death. The
models were parameterised based on sexual behaviour, biological and epidemiological data from
the literature (Appendix 3: Supplementary Materials Table 1) and programmed in R.
The dynamic model was fitted to HIV prevalence data for both FSW and partner populations
between 1980 and 2014 using Monte Carlo methods with Latin Hypercube Sampling (R FME

package35), run on 50,000 parameter sets. This yielded at least 200 fits for each scenario explored.
Both models were then parameterised and evaluated using the same set of fitted parameters,
allowing for the evaluation of uncertainty ranges in both models. PrEP was introduced in 2015 in line
with its introduction to FSWs in Hillbrow under the TaPS demonstration project.36
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Analyses
Percentage reduction in condom consistency tolerated on PrEP
For each model, optimisation algorithms were run (dynamic model: R FME package35; static model: R
rootSolve package37) to ascertain the lowest level of condom consistency possible (𝛾𝛾1∗ ) for HIV risk
not to increase following the introduction of PrEP. This was used to calculate the threshold

percentage reduction in condom consistency (𝛾𝛾0 − 𝛾𝛾1∗ )/𝛾𝛾0 that can be tolerated. For the dynamic

model, this optimisation was repeated over time horizons of 3 months to 20 years.

Accounting for behavioural heterogeneity: differences in initial condom consistencies and PrEP useeffectiveness
Given the importance of accounting for heterogeneity in FSWs’ initial condom consistencies,9,11 the
parameter sets were fitted individually for initial condom consistencies (prior to introduction of
PrEP) of 10%, 30%, 50% and 70%, spanning the range reported by this population.9
Unlike for men who have sex with men (MSM) and transgender women (TGW), where studies have
been able to relate the number of weekly doses of PrEP to levels of HIV risk reduction, the same has
not yet been possible for women, for whom it is only recognised that 100% risk reduction on PrEP
necessitates higher levels of adherence (6/7 tablets a week in women as opposed to 4/5 in MSM and
TGW).38 As such, we chose to span a spectrum of potential levels of PrEP use-effectiveness: 25%,
45%, 65% and 85%. 85% was simulated as the highest level, as it equates to the maximum useeffectiveness of condoms as in Grant and colleagues.9
The percentage reduction in condom consistency that can be tolerated was calculated across these
levels of initial condom consistency and PrEP use-effectiveness.

Accounting for stage of HIV epidemic
To assess whether the results change by underlying stage of HIV epidemic, the analyses were
repeated 20 years earlier, when the HIV epidemics in FSWs and their partner populations were still
increasing. Under this scenario, Increasing Epidemic, initial condom consistency was fixed in 1994
and PrEP hypothetically introduced in 1995. This is in comparison to the base case analysis, Epidemic
Equilibrium, where initial condom consistency was fixed in 2014 and PrEP introduced in 2015 once
the epidemics had started to stabilise.
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Additional analyses
To assess whether the inclusion of ART, circumcision and STIs in the models affected our
conclusions, we conducted a model structural sensitivity analysis, removing all related parameters
from the models and rerunning the analyses. To assess whether our conclusions were sensitive to
PrEP being introduced when the epidemics are fully endemic in the populations (Fully Endemic
scenario), we repeated the analysis with PrEP introduced in 2030 (Appendix 3: Supplementary
Materials Figure 1).
Appendix 3: Supplementary Materials contains further information on the model structure,
parameterization and calibration.
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Results
The lowest levels of condom consistency that can be tolerated by FSW on PrEP (without their HIV
risk increasing) at Epidemic Equilibrium and in the context of an Increasing Epidemic, are shown in
Figure 1 and Figure 2 respectively.
In Figures 1 and 2, the three rows, from top to bottom, represent FSW initial condom consistencies
(at point of introduction of PrEP) of 30%, 50% and 70% respectively. The three columns represent,
from left to right, PrEP use-effectiveness of 25%, 45% and 65% respectively. For each combination of
initial condom consistency and PrEP use-effectiveness, boxplot graphs depict the lowest level of
condom consistency tolerated on PrEP (vertical-axis). The far-left boxplot on the horizontal-axis of
each of the graphs is the lowest level of condom consistency estimated using the static model. The
boxplots to the right of it are the lowest level of condom consistencies estimated using the dynamic
model, at time points of 3 months, 1 year, 2 years, 5 years, 10 years and 20 years, from left to right.
The boxplots depict uncertainty in the estimated lowest level of condom consistency tolerated, with
the black line representing the median value, the coloured section the interquartile range (25-75% of
the values) and the whiskers the maximum and minimum values. The differences between the static
and dynamic model outcomes can be understood by comparing how similar the lowest level of
condom consistency estimated by the static model is to the lowest level of condom consistency
estimated by the dynamic model over time.
Whilst Figures 1 and 2 depict the key trends in model differences for each scenario, more detailed
plots including FSW initial condom consistency of 10% and PrEP use-effectiveness of 85% are shown
in Appendix 3: Supplementary Materials, Figures S5 and S7 for the Epidemic Equilibrium and
Increasing Epidemic scenarios respectively. The Appendix 3: Supplementary Materials also contain
the equivalent boxplot graphs for the second model outcome: percentage reduction in condom
consistency tolerated on PrEP (Appendix 3: Supplementary Materials Figures S6 and S8), the model
fits to HIV prevalence (Appendix 3: Supplementary Materials Figures S1-S4), as well as all underlying
data (Appendix 3: Supplementary Materials Tables S2-S10).
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Figure 1: Boxplots showing the lowest level of condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP introduced at
HIV Epidemic Equilibrium.

The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV risk reduction of 25%, 45%
and 65%. In the case of the static model, the lowest levels of condom consistency tolerated on PrEP are point estimates. In the case of the dynamic model, the lowest levels of condom consistency tolerated on PrEP
are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots depict uncertainty in the lowest level of condom consistency tolerated, with the black line representing the median of all
fits, the coloured section the interquartile range and the whiskers the maximum and minimum values.
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Figure 2: Boxplots showing the lowest level of condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP introduced
with Increasing Epidemic.

The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV risk reduction of 25%, 45%
and 65%. In the case of the static model, the lowest levels of condom consistency tolerated on PrEP are point estimates. In the case of the dynamic model, the lowest levels of condom consistency tolerated on PrEP
are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots depict uncertainty in the lowest level of condom consistency tolerated, with the black line representing the median of all
fits, the coloured section the interquartile range and the whiskers the maximum and minimum values.
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Comparison of static and dynamic model outcomes
Under the scenario that PrEP is introduced at Epidemic Equilibrium, the percentage reductions in
condom consistency estimated by the static and dynamic models are very similar up to a timehorizon of one year. By five years, the model predictions remain consistent to within 25% relative
difference between medians (<35% between credible intervals (CrIs)), and by 20 years to within 35%
between medians (≤100% between CrIs) (Appendix 3: Supplementary Materials Table S2a). The
differences between the percentage reductions in condom consistency predicted by the static and
dynamic models are less consistent over time where initial condom consistency is higher (≥50%) and
PrEP use-effectiveness is lower (≤45%). This is consistent with our previous work based on the static
model, which indicated that reductions in condom consistency should be of greatest concern for
FSW with high initial condom consistencies achieving low levels of PrEP use-effectiveness9. However,
the results suggest that the magnitude of concern predicted by the static model was understated
over the long-term.
Under the Increasing Epidemic scenario, the differences between the percentage reductions in
condom consistency predicted by the models are more pronounced over time. By five years the
relative difference between model medians is less than 10% (<25% between CrIs) at high levels of
PrEP use-effectiveness (85%) but up to 100% (100% between CrIs) at low levels of PrEP useeffectiveness (25%). By 20 years, the differences between the models start to decrease in response
to the natural plateau of the underlying epidemics (Appendix 3: Supplementary Materials Table S2b).
For both epidemic scenarios, removing ART, circumcision and STIs from the models under the
structural sensitivity analysis led to bigger differences between model outcomes in situations where
PrEP use-effectiveness is low (≤45%) and initial condom consistency is at least 30% (<45% relative
difference between CrIs by 5 years, and <50% relative difference by 20 years) (Appendix 3:
Supplementary Materials Tables S3a and Sb, Figures S9-S12). Introducing PrEP in 2030 under the
Fully Endemic rather than in 2015 in the Epidemic Equilibrium scenario led to differences under the
same situations, although the magnitude of differences was smaller (<25% relative difference
between CrIs by 5 years, and <35% between by 20 years) (Appendix 3: Supplementary Materials
Table S4, Figures S13 and S14). Additional analysis comparing the model outcomes by scenario is set
out in Appendix 3: Supplementary Materials, Additional Assessment of Results section.
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Comparison of policy conclusions between static and dynamic models
To explore the contexts in which the qualitative conclusions made on the basis of static models may
be appropriate to guide HIV policy making, we list three policy conclusions derived based on the
static model9, and assess their validity under dynamic model formulation.
1. Condom use can be reduced to zero without increasing HIV risk, if the level of HIV risk reduction
achieved through PrEP is at least high as the maximum risk reduction possible through condom
use
This conclusion holds under the dynamic model in the Epidemic Equilibrium scenario, as well as in
the Increasing Epidemic scenario, other than at high levels of initial condom consistency (70%),
where after five years the dynamic model predicts that a reduction in condom consistency to zero
may start to lead to an increase in HIV risk (Figures 1 & 2; Appendix 3: Supplementary Materials
Table S2a &S2b and Figures S6 & S8).

2. Reductions in condom consistency are especially well tolerated where:
i.

Higher levels of PrEP use-effectiveness are achieved (e.g. ≥65%)

Figure 3 shows the lowest levels of condom consistency tolerated calculated using the static and
dynamic models for PrEP use-effectiveness levels of 65% and 85%. The lowest levels of condom
consistency are shown for initial condom consistencies of 10% (in blue), 30% (in orange), 50% (in
pink), and 70% (in green). The dotted lines represent median estimates and shaded areas represent
the 95% CrIs. The top row depicts the Epidemic Equilibrium scenario, and bottom row the Increasing
Epidemic scenario.
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Figure 3: Lowest level of condom consistency tolerated at higher levels of PrEP use-effectiveness, for both scenarios
Epidemic Equilibrium and Increasing Epidemic.

The lowest levels of condom consistency tolerated on PrEP are depicted for PrEP use-effectiveness levels of 65% (left) and 85% (right). Each
graph shows the lowest level of condom consistency estimated by the static model, and by the dynamic model over a time horizon of 3
months to 20 years, corresponding to initial condom consistencies of 10%, 30%, 50% and 70%. The first row of graphs corresponds to the
scenario Epidemic Equilibrium and the second row of graphs corresponds to the scenario Increasing Epidemic. The dotted lines are median
estimates and shaded areas are 95% CrIs (colour coding in legend). Where the median results corresponding to lower initial condom
consistencies cannot be seen on the graph, it indicates that the estimated lowest level of condom consistency is 0%. Where the 95% CrI
cannot be seen on the graph, it indicates that the 95% CrI is very close to or exactly the same as the median.

With PrEP use-effectiveness of at least 65%, the static model predicts that median reductions in
condom use of at least 85% will be possible without increasing HIV risk. The dynamic model broadly
supports this conclusion, with less than 25% relative difference between the model medians and CrIs
after five years, and less than 35% relative difference after 20 years in the Epidemic Equilibrium
scenario. Importantly, under the Increasing Epidemic scenario, these differences are much more
pronounced, with up to 60% relative difference between medians and CrIs after five years, and up to
65% relative difference (85% between 95% CrIs) after 20 years.
For initial condom consistencies of up to 50%, the static model predicts that FSW on PrEP with useeffectiveness of at least 65% can stop using condoms completely without increasing HIV risk. This is
consistent with the dynamic model conclusions under the Epidemic Equilibrium scenario. Under the
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Increasing Epidemic scenario, this only holds where PrEP use-effectiveness is at least 85% (rather
than 65%) (Figure 3; Appendix 3: Supplementary Materials Table S2a & Sb).

ii.

Or where initial condom consistencies are low (e.g. <50%).

Figure 4 shows the lowest levels of condom consistency tolerated after PrEP introduction, calculated
using the static and dynamic models for initial condom consistencies (before PrEP introduction) of
10% and 30%. The lowest levels of condom consistency tolerated are shown corresponding to PrEP
use-effective of 25% (in green), 45% (in pink), 65% (in orange), and 85% (in blue). The dotted lines
represent median estimates and shaded areas represent the 95% CrIs. The top row depicts the
Epidemic Equilibrium scenario, and bottom row the Increasing Epidemic scenario.

Figure 4: Lowest level of condom consistency tolerated at lower levels of initial condom consistency, for both scenarios
Epidemic Equilibrium and Increasing Epidemic.

The lowest levels of condom consistency tolerated on PrEP are depicted for initial condom consistencies of 10% (left) and 30% (right). Each
graph shows the lowest level of condom consistency estimated by the static model, and by the dynamic model over a time horizon of 3
months to 20 years, corresponding to PrEP use-effectiveness levels of 25%, 45%, 65% and 85%. The first row of graphs corresponds to the
scenario Epidemic Equilibrium and the second row of graphs corresponds to the scenario Increasing Epidemic. The dotted lines are median
estimates and shaded areas are 95% CrIs (colour coding in legend). Where the median results corresponding to specific levels of PrEP
effectiveness cannot be seen on the graph, it indicates that the lowest level of condom consistency tolerated is 0%. Where the 95% CrI
cannot be seen on the graph, it indicates that the 95% CrI is very close to or exactly the same as the median.
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Under the Epidemic Equilibrium scenario the dynamic model supports the outcomes of the static
model especially well in the short term, with relative difference between medians of less than 5%
after five years (<25% between the 95% CrIs), and less than 5% relative difference by 20 years
(<70% between 95% CrIs). Under the Increasing Epidemic scenario, the model differences are large
over time, e.g. estimates from the dynamic model of the lowest level of condom consistency
tolerated are up to double the levels estimated by the static model after 5 years (Figure 4; Appendix
3: Supplementary Materials Table S2a & S2b).

3. Even with the achievement of low levels of PrEP use-effectiveness (e.g. ≤45%), reductions in
condom consistency are possible without increasing HIV risk.

As with the static model, under the Epidemic Equilibrium scenario the dynamic model predicts that
some decreases in condom consistency on PrEP will always be possible without increasing HIV risk
over the 20-year time horizon, even for lower levels of PrEP use-effectiveness of up to 45%. This
holds true under the Increasing Epidemic scenario up to a five-year time horizon.
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Discussion
Main findings of this study
This study demonstrates that there are contexts in which static models can provide useful
deductions to guide policy making around the introduction of a new HIV intervention. Static models
may have advantages to guide programming over short-medium time horizons in certain settings.
However, over longer timeframes, static models may not sufficiently emphasize situations of
programmatic importance, especially in contexts where underlying epidemics are not at equilibrium.
PrEP is likely to be of benefit in reducing HIV risk in high-burden settings, even if moderate
reductions in condom use occur.

What is already known on this topic
It is well established that dynamic models are more appropriate to address policy questions where it
is important to account for the downstream effects of population interactions and evolving
contextual factors over time.5,6,26,27 Both static and dynamic models have been used to inform policy
making in the field of HIV.10,11,13,39,40 Existing studies have cautioned that static models may
underestimate the contribution of epidemic drivers to HIV transmission over time.18,28 However, to
date, no study has assessed the epidemic contexts and timeframes over which simple static models
may suffice to inform decision making in the field of HIV, especially in the context of the introduction
of new prevention interventions.

What this study adds
This study compares the outcomes of a static model with the outcomes of a matched dynamic
model, applied to different epidemic contexts across time horizons. Both models are used to assess
the absolute and percentage reductions in condom consistency that can be tolerated, without HIV
risk increasing, following introduction of PrEP for FSW. We found that over short-medium timehorizons of up to five years, the static model approximates the outcomes of the dynamic model
fairly consistently. Over longer timeframes of up to 20 years, there are contexts in which the
reductions in condom use predicted by the static model do not hold under the dynamic model
formulation; particularly where initial condom consistency is reasonably high (≥50%) and/or PrEP
use-effectiveness is low (≤45%). The differences between the two models are greater where the
underlying HIV epidemic is increasing (Figure 1 & 2, Appendix 3: Supplementary Materials Tables S2a
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& S2b). The structural sensitivity analysis (removing model parameters relating to ART, circumcision
and STIs) showed bigger differences between model outcomes in situations where PrEP useeffectiveness is low (≤45%) and initial condom consistency is at least 30%. Introducing PrEP where
the underlying HIV epidemic is fully endemic in 2030 (rather than at equilibrium in 2015) led to
differences under the same situations, although smaller in magnitude. The difference between the
models’ outcomes arise predominantly from the dynamic model’s ability to capture changes in HIV
prevalence over time, which is highlighted where PrEP use-effectiveness is insufficiently high enough
to mask greater reductions in condom use.
Nonetheless, the broad-stroke policy conclusions predicted by the static model hold under the
dynamic model formulation. Specifically, in high HIV burden contexts, PrEP for FSW is likely to be of
benefit in reducing HIV risk even if reductions in condom use occur; that reductions in condom
consistency can be better tolerated by FSW achieving high levels of PrEP effectiveness or with low
baseline condom consistencies; and efforts to promote condom use will be especially critical for FSW
with high levels of baseline condom consistency but who are anticipated to adhere less well to PrEP.
Simple, static models have a structural advantage over dynamic models, as they can usually be more
easily analytically manipulated to deduce conclusions to guide policy making. These take-aways are
often additional to those that can be gleaned through numeric and graphic assessment of either
model’s outcomes. Noting that model results are usually discounted over longer time-horizons due
to uncertainty in underlying assumptions or implementation contexts, there may be merits for using
static models to guide the introduction of new HIV interventions over short-medium time horizons,
especially where the underlying HIV epidemic is well-evolved. Static models may also be better
suited to guide the roll out of interventions intended for short term-use, such as PrEP, which is
intended to cover seasons of risk.31
In contexts with increasing epidemics, dynamic models may be more appropriate to guide the
programming of interventions for long-term use. Building on the conclusions in Mishra and
colleagues,18 this study underscores that decision maker reliance on the magnitude of intervention
effectiveness assessed through static models, such as the UNAIDS Modes of Transmission model,10
should be cautioned in contexts where HIV prevalence is increasing, e.g. in the relevant subepidemics in Eastern Europe, South East Asia, the Middle East and South America, especially in
relation to high burden (e.g. key) populations.
Future studies could extend this model comparison to other infectious diseases to understand the
conditions under which static models are sufficient to inform policy making. This may be especially
pertinent for diseases where there is limited understanding of key components required in dynamic
161

model construction (e.g. transmission dynamics or their quantification), but comparably better
understanding of the narrower information set needed to formulate static models.
Limitations of this study
There are several limitations to this study. The models used in this analysis are simplified
formulations of static and dynamic models, to facilitate comparison. They do not account for
different levels of PrEP coverage or population heterogeneity, relying instead on population
averages. For the same reason, these two populations were explored in isolation without accounting
for interactions with wider societal groups. Assessment of the effects of behavioural disinhibition are
limited to FSW, not the downstream effects on partner populations.
The analysis does not explicitly explore potentially important correlations between risk factors and
PrEP effectiveness. However, the impact of correlations between initial condom consistency and
PrEP adherence can be easily deduced through the scenarios explored (Figures 1 & 2).
The data used to characterise the FSW and their partner population in Hillbrow, South Africa, is
limited by age and in some cases reliance on self-reports of sexual behaviour, which are susceptible
to under-reporting. Data uncertainty is addressed to some extent through the uncertainty analysis.
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4.4 Implications for Thesis
Research Paper 2 concludes that broad-stroke conclusions of Research Paper 1 regarding the
reductions in condom consistency tolerated without HIV risk increasing following the introduction of
PrEP for high-risk women do indeed hold under dynamic formulation. Specifically, in high HIV burden
contexts, PrEP for high-risk women is likely to be of benefit in reducing HIV risk even if reductions in
condom use occur; reductions in condom consistency can be better tolerated by FSWs achieving
high levels of PrEP effectiveness or with low baseline condom consistencies; and efforts to promote
condom use will be especially critical for FSW with high levels of baseline condom consistency but
who are anticipated to adhere less well to PrEP.
However, the paper concludes that over longer time horizons (upwards of 5 years) the static model
under-emphasises the specific situations that may be of programmatic importance. Specifically,
where a high-risk woman’s initial condom consistency is reasonably high (≥50%) and/or PrEP useeffectiveness is low (≤45%), the levels of reduction in condom use predicted by the static model do
not hold under the dynamic formulation. This is especially the case where the underlying HIV
epidemic is still increasing.
The results of Research Paper 2 indicate that there are merits in using static models to inform policy
making around the introduction of an HIV prevention intervention in high-burden contexts over
short-medium time horizons, especially where the underlying HIV epidemic is well-evolved. This is a
pertinent conclusion, considering the relative benefits of static models over dynamic models for use
in policy making (including ease of communication, understanding, adoption and critiquing), as well
as that some HIV prevention interventions are intended for short-term use (as in the case of PrEP,
which is intended for seasons of risk). However, in contexts with increasing epidemics, dynamic
models are more appropriate to guide the programming of HIV prevention interventions for longterm use.
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Chapter 5
5. Research paper 3: Time to scale up PrEP beyond the
highest-risk populations? Modelling insights from high-risk
women in sub-Saharan Africa
5.1 Introduction to Research Paper 3
Research paper 3 aims to respond to thesis objectives 4 and 5 by exploring strategies for PrEP scale
up across high-risk women at population-level, weighing overall HIV infection reduction and costeffectiveness. To explore how these strategies may differ by epidemic and implementation context,
Research Paper 3 applies this analysis to 3 country contexts in sub-Saharan Africa with different
epidemic profiles and levels of HIV burden: South Africa (20.4% adult HIV prevalence1), Zimbabwe
(12.7% adult HIV prevalence1) and Kenya (4.7% adult HIV prevalence1).
The contexts in which the models are being applied are stable generalised high prevalence HIV
epidemics2. The timeframe for the analysis was taken to be 1 year, given that PrEP is intended to
cover seasons of risk and that few PrEP demonstration programs have achieved significant retention
in women in this context beyond the first 12 months.3,4 Given the conclusions of Research Paper 2
that static models are sufficiently robust to guide decision making around the introduction of an HIV
prevention intervention in high HIV burden contexts over short-medium time horizons where the
underlying HIV epidemic is well-evolved, and in view of their comparative merits to inform policy
making, this study adopted static rather than dynamic models of HIV risk.
At the time of undertaking this study, PrEP roll out in all three countries was focused on the highestrisk individuals, including female sex workers5–7, who face significantly higher individual HIV risk2
than women in the general population. As such, female sex workers were considered the benchmark
for assessment of cost-effectiveness and infections averted when assessing PrEP scale-up across a
more broadly defined group of women at risk in these contexts8–10: to adolescent girls and young
women aged 15-24 years (AGYW), to women 25-34 years, and to women 35-49 years.
It is hoped that the conclusions of Results Paper 3 will help inform priority setting as policy makers in
sub-Saharan Africa consider scaling-up PrEP across a more broadly defined group of women at risk,
accounting for both population-level impact and cost-effectiveness.
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Abstract
Background: HIV burden in sub-Saharan Africa remains highest in women. PrEP is an effective HIV
prevention measure, currently prioritized for those at highest risk, such as female sex workers (FSW),
for whom it is most cost-effective. However, the greatest number of HIV infections in sub-Saharan
Africa occur in women in the general population. As countries consider wider PrEP scale-up, there is
need to weigh population-level impact with cost-effectiveness to inform priority-setting in the
context of resource constraints.
Methods: We developed mathematical models of HIV risk to women and derived tools to guide PrEP
programming. The models were fitted to South Africa, Zimbabwe and Kenya, which span a range of
HIV burdens in sub-Saharan Africa. The impact, cost and cost-effectiveness of PrEP scale-up for
adolescent girls and young women (AGYW), women 25-34 years and women 35-49 years were
assessed, accounting for the low program retention levels reported in demonstration projects.
Findings: PrEP could avert substantially more infections a year among women in general population
than among FSW. The greatest number of infections could be averted annually among AGYW in
South Africa (24-fold the number as for FSW). In Zimbabwe, the greatest number of infections could
be averted among women 25-34 years (8-fold that as for FSW), and in Kenya similarly between
AGYW and women 25-34 years (3-fold that as for FSW).
Conclusions: PrEP has the potential to substantially reduce the numbers of new HIV infections in
HIV-endemic countries in sub-Saharan Africa, even considering low levels of PrEP program retention
in women. This will necessitate PrEP being made widely available beyond those at highest individual
risk, including to women in the general population. Wide scale roll out will require continued
integration of PrEP into a range of national services and at community level, in order to significantly
bring down the costs and improve cost-effectiveness.
Funding: None
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Background
Women remain the most affected by the global HIV epidemic. In sub-Saharan Africa, the region with
the greatest HIV burden, 59% of new adult infections are among women2. In 2017, a quarter of all
new infections in the region were among adolescent girls and young women (AGYW) aged 15-24
years2, whilst female sex workers (FSW) are up to 20 times more likely to be HIV positive than
women in the general population11.
Oral pre-exposure prophylaxis (PrEP) has shown HIV prevention efficacy in randomised controlled
trials12. It is hoped PrEP will address some of the drivers of HIV in women, which include lack of
agency to negotiate sex and condom use2. Aside from women in sero-discordant relationships13,
PrEP demonstration projects have faced challenges in retaining women3,4,14, raising concerns about
the ability of programs to avert infections when scaled-up2. A recently completed PrEP
demonstration project among FSW in South Africa reported 22% 12-month program retention
rates3. In spite of promising 3-month retention levels15, early results from programming in Kenya4,16
and Zimbabwe17 show even lower retention rates in AGYW than FSW.
As PrEP is rolled out in countries in line with 2016 normative guidance, its use has been prioritised
for populations at substantial risk of HIV18. Among women in sub-Saharan Africa, PrEP is being
prioritized for FSW and, in certain contexts, AGYW19 (including through PEPFAR DREAMS
programmes20,21). PrEP programs are being hosted by services tailored for groups at highest risk of
infection, or in general services with screening tools used to identify those most at risk18,22.
Increasingly, there is pressure for countries to move away from focused programs for key
populations, towards universal access to PrEP as part of a rights-based approach to health23. The
language of PrEP programming is shifting to refer to populations that could benefit from PrEP, rather
than to focus on individual risk23.
Whilst FSW are typically the women at highest HIV risk19, HIV incidence among women in the general
population varies significantly by age range across countries in sub-Saharan Africa19. To date, six of
the seven finalised population-based HIV impact assessments (PHIA) undertaken in PEPFARsupported sub-Saharan African countries reveal higher levels of incidence in women 25-34 years or
35-49 years than in AGYW24–30. Policy makers are now having to weigh the potential benefits and
challenges of scaling up PrEP for groups of women at lower individual levels of risk, but in whom the
total number of new infections is greater due to vast differences in population sizes2.
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Decisions around PrEP scale-up are taking place in a context of limited external resources for HIV,
constraints in domestic budgets and a global push for countries to prioritize resources to reach the
90-90-90 treatment targets2. These decisions mirror those previously faced by policy makers in
determining whether to scale up antiretroviral treatment for individuals at higher CD4 counts,
balancing comparatively lower benefits for individuals with potential for greater population-level
prevention effects18.
Several modelling studies have evaluated the cost-effectiveness and impact of PrEP for high-risk
populations in sub-Saharan Africa31–33; between key populations or key populations and men/
women in the general population33–35; relative to other HIV prevention interventions36–38; and
relative to the scale up of antiretroviral treatment (ART)39–41. Studies typically find PrEP to be less
cost-effective than other established prevention interventions, such as condoms, or scaling up early
ART, but cost-effective as part of a combination prevention approach for those at greatest risk.
Studies have not systematically accounted for the low levels of PrEP program retention recently seen
in women in sub-Saharan Africa31–38,42,43. No study to date has assessed the scale-up of PrEP from
higher- to lower-risk women population groups in sub-Saharan Africa, weighing cost-effectiveness
on an individual basis with the need to avert the greatest number of infections at a population level.
It is in this context we undertake our study, which aims to highlight key considerations to feed into
policy decision making, as countries consider scaling-up PrEP across a more broadly defined group of
women at risk in sub-Saharan Africa, accounting for individual- and population-level impact and
cost-effectiveness. We use case studies of three HIV-endemic countries in sub-Saharan Africa: South
Africa, Zimbabwe and Kenya. These countries were chosen as they span a range of HIV burden levels
in the region, each have adopted a national PrEP strategy5–7, and have been at the forefront of PrEP
roll-out in sub-Saharan Africa23.
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Methods
As the contexts in which the models are being applied are stable generalised high prevalence HIV
epidemics2, we adopted static mathematical models of HIV risk44–46. Static models have the
advantage of being a comparatively easier tool for use and communication with policy makers, and
have been shown to be robust to inform policy making around the introduction of new HIV
interventions over short-medium time horizons in stabilised epidemics47.
The mathematical models take the Bernoulli formulation of HIV risk47, where the sexual partners of
high-risk women are assumed to come from population 𝑖𝑖 in which the proportion HIV infected is 𝑝𝑝𝑖𝑖 .

High-risk women are assumed to have 𝐶𝐶𝑖𝑖 partners from each population per year, with whom they

have an average 𝑛𝑛𝑖𝑖 sex acts per year each. Condoms are assumed to be used with partners from

each population with consistency 𝛾𝛾𝑖𝑖 . Upon introduction, high-risk women from group 𝑗𝑗 are assumed

to adhere to PrEP at an average level 𝛼𝛼𝑗𝑗 , which corresponds to a level of HIV risk reduction, 𝜃𝜃𝛼𝛼𝑗𝑗 . We
used the estimates for women from the Partners Demonstration Project48 to relate levels of PrEP

adherence to levels of HIV risk reduction. High-risk women from group 𝑗𝑗 enrolled in PrEP projects are

assumed to have a 12-month retention level 𝑟𝑟𝑗𝑗 . The models account for STI levels, levels of viral load
suppression due to ART in HIV positive partners, and male circumcision. Analyses were conducted

over a one-year timeframe, as PrEP is intended to cover ‘seasons’ of HIV risk (rather than long-term
use), and few PrEP demonstration programs have achieved significant retention in women in this
context beyond the first 12 months3,4. All models were programmed in R version 3.3.2.

Simple tools to help guide PrEP programme decision making
First, three simple tools were developed to inform programme decision making using a basic set of
information typically available to PrEP programmes49.

Heatmaps to estimate HIV incidence in women
Heatmaps were developed to help decision makers estimate the annual HIV incidence in women by
number of monthly sex acts, average condom use and underlying epidemic setting. We
demonstrated four different example epidemic settings: underlying HIV prevalence in partner
populations of 5%, 10%, 20% and 40%. In many sub-Saharan African contexts, 5% HIV prevalence is
illustrative of HIV prevalence in males 15-24 years, 5-20% the HIV prevalence in males 25-49 years,
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and 20-40% the HIV prevalence in the clients of FSW (Appendix 4: Supplementary Materials: Table
S2).

Simple rule to draw insights around relative cost-effectiveness of PrEP
A simple rule was developed to help policy makers draw qualitative program insights around
conditions under which it may be equally cost-effective to roll out PrEP in a lower-risk group (e.g.
AGYW) as in a higher-risk group (e.g. FSW). Cost-effectiveness is defined as the incremental cost of
PrEP for a woman retained at level 𝑟𝑟𝑗𝑗 in a PrEP program over a 12-month period, divided by the risk

reduction achieved on PrEP when adhered to at level 𝛼𝛼 with retention 𝑟𝑟𝑗𝑗 over the 12-month period.

In the absence of willingness-to-pay thresholds, relative cost-effectiveness was assessed by
comparing these estimates of cost per infection averted between populations.

Heatmaps to estimate the relative unit cost at which PrEP scale-up from higher- to lower-risk women
is cost-effective
Heatmaps were developed to help decision makers estimate the relative unit cost at which it will be
cost-effective to scale up PrEP from a comparatively higher- (e.g. FSW) to comparatively lower-risk
woman (e.g. AGYW), also using the number of monthly sex acts, average condom use and underlying
epidemic setting. Different epidemic settings were illustrated by taking HIV prevalence in the higherrisk women’s partner population of either 20% or 40%. For each of these scenarios, HIV prevalence
in the lower-risk women’s partner population was then simulated at 1/4, 1/2, 3/4 and 1 times the
prevalence of the higher-risk women’s partner population (i.e. 5%, 10%, 15% and 20%; and 10%,
20%, 30% and 40% respectively). These scenarios span a range of epidemic settings in sub-Saharan
Africa19.
It was assumed that the higher-risk group had 22% PrEP program retention levels and all women
retained had PrEP adherence levels of 70-85% (corresponding to risk-reduction of 73-99%48),
consistent with the South African TAPS demonstration project in FSW3. PrEP program retention for
the lower-risk group was simulated between ±25% of the 22% retention levels of the higher-risk

group (i.e. 16.5%-27.5%), consistent with the difference between AGYW and FSW retention in

Kenya4. For lower-risk women retained in the PrEP program, it was assumed that PrEP adherence
was the same as the higher-risk group.
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Country case studies
Assessment of cost-effectiveness and impact of scaling-up PrEP
To highlight key considerations to feed into decision making as countries consider scaling-up PrEP
beyond those at highest-individual risk, we assessed the cost-effectiveness and impact of scaling-up
PrEP for women across a spectrum of high HIV risk in South Africa, Zimbabwe and Kenya. Given the
significantly higher individual HIV risk faced by FSW2 FSW were taken as the benchmark for
assessment. In comparison, we considered the scale-up of PrEP to three groups at high HIV risk in
the general population8–10: AGYW (aged 15-24 years), women 25-34 years and women 35-49 years.
No further targeting of PrEP was assumed. Women aged 50+ were not evaluated given the paucity
of information available to parameterise and fit the models in all three country contexts24,50–53.
FSW were assumed to have partners drawn from two populations: regular partners and clients.
AGYW were assumed to have partners drawn from their own age group and the 25-34 years age
group, given that 17% and 14% women 15-19 years report relationships with men at least 10 years
older in Zimbabwe51 and Kenya52 respectively, and 36% South African women 15-19 years report
relationships with men at least 5 years older8. Women 25-34 years and women 35-49 years were
assumed to have partners drawn from their own age groups given the lack of data to suggest
otherwise. However, this assumption was explored further through the structural sensitivity
analysis. Data ranges to parameterise the models were drawn from the literature and fitted to the
latest national estimates of HIV incidence by group1,24,54–60 using Bayesian Monte Carlo Filtering with
Latin Hypercube Sampling, assuming uniform prior distributions, yielding at least 200 fits across the
four groups for each country.
FSW were assumed to have 12-month PrEP program retention and adherence levels consistent with
the South African TAPS demonstration project3. AGYW, women 25-34 years and women 35-49 years
were assumed to have program retention levels between ±25% of these 12-month FSW retention

levels4, and the same adherence levels as FSW retained in the program. To explore the role of

adherence, the parametric uncertainty analyses were repeated with 1) 25% lower HIV risk-reduction
across all groups, and 2) 25% lower HIV risk-reduction across AGYW, women 25-34 years and women
35-49 years (but unchanged among FSW).
We estimated the unit costs of PrEP program delivery per person retained after 12-months (Table 1).
We assumed FSW were offered PrEP through programmes with outreach and community
mobilisation components and all other women were offered PrEP through sexual and reproductive
health services, with AGYW having larger counselling components. Service delivery costs were taken
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from demonstration projects and previous costing publications in Kenya61,62 and South Africa3. For
Zimbabwe, non-tradable components of the South African estimates were transferred using
purchasing power parities63 following standard methods64. Drug costs were assumed to be USD57-80
per year, spanning internationally traded values with freight and distribution65, and highest reported
prices in demonstration projects. All published costs were adjusted to USD 201766.
Unit cost

Service delivery

Drugs only

(min - max)

excl. drugs

(min - max)

FSW

190 - 210

130

57 – 80

South Africa

AGYW (15-24 years)

149 - 169

89

57 – 80

South Africa

Women (25-34 years)

128 - 148

68

57 – 80

South Africa

Women (35-49 years)

87 - 107

27

57 – 80

Zimbabwe

FSW

293 - 317

237

57 – 80

Zimbabwe

AGYW (15-24 years)

219 - 243

163

57 – 80

Zimbabwe

Women (25-34 years)

181 - 204

124

57 – 80

Zimbabwe

Women (35-49 years)

106 - 130

50

57 – 80

Kenya

FSW

399 - 423

343

57 – 80

Kenya

AGYW (15-24 years)

358 - 382

302

57 – 80

Kenya

Women (25-34 years)

294 - 318

238

57 – 80

Kenya

Women (35-49 years)

185 - 209

129

57 – 80

Country

Population

South Africa

Table 1: Cost estimates per person retained on PrEP after 12-months by population and country. Costs in USD
2017.

Structural sensitivity analysis
Whist the literature only provides evidence of women aged 15-25 years having male partners from
an older population group in these three settings, we explored how the model outcomes change if
women aged 25-34 years are also assumed to have male partners from an older population group
(35-49 years) with higher HIV prevalence. This model structural sensitivity analysis was
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parameterised illustratively assuming 50% the number of partners a year from the male population
35-49 years as had by women 35-49 years (in addition to their partnerships with males 25-34 years).

Further information on model structure, parameterization, calibration and costs are set out in the
Appendix 4: Supplementary Materials.
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Results
Simple tools to help guide PrEP programme decision making
Heatmaps to estimate HIV incidence in women
The estimated annual HIV incidence in women, by number of monthly sex acts and average condom
use, is shown in Figure 1. The estimates are shown for four cases: underlying HIV prevalence in
partner population of 5%, 10%, 20% and 40%.

Figure 1: Women’s estimated HIV incidence by risk factor.
The heatmaps show the estimated annual HIV incidence in women according to their number of sex acts per month
(number of partners multiplied by average number of sex acts with each per month), and average condom use. The
estimated annual HIV incidence is shown by colour (according to the colour key on the right-hand side of the graph) in
incidence increments of 1% or 1 per 100 person years. An annual incidence of at least 3% or 3 per 100 person years is
coloured light orange and corresponds to the WHO recommended threshold for PrEP eligibility18. The 4 heatmaps
correspond respectively (left to right, top to bottom) to underlying partner HIV prevalence of 5%, 10%, 20% and 40%. The
heatmaps are calculated using equation (S1.1) from the Appendix 4: Supplementary Materials, assuming that a women’s
partners are drawn from a single population and no women are on PrEP.

Figure 1 shows that where women’s partners come from a population with HIV prevalence of up to
5%, women will be below the 3%18 WHO-recommended HIV incidence threshold for PrEP where the
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number of sex acts a month is up to 10 and average condom use is at least 50% (areas shaded yellow
in the heatmap). As the underlying HIV prevalence in the partner population increases, women will
need higher levels of condom consistency or to engage in fewer sex acts a month to be below the
WHO incidence threshold for PrEP (areas shaded orange-red). Where women’s partner population
have a prevalence of 40%, women will almost uniformly be above the threshold for PrEP.

Simple rule to draw insights around relative cost-effectiveness of PrEP
To help policy makers draw qualitative program insights around conditions under which it may be
equally cost-effective to roll out PrEP in a lower-risk group as in a higher-risk group, we derived the
simple rule set out in Equation 1. This rule can be approximated based on information typically
estimated by PrEP programs49. The relative measures stated are for lower-risk women compared to
higher-risk women.

Equation 1: Simple rule to draw insights around the relative cost at which PrEP will be equally as cost-effective to scale
up in a lower-risk group as it will be in the high-risk group.
All relative measures refer to the low-risk group in comparison to the high-risk group and pertain to the same time period.
The relative cost of PrEP is the unit cost of PrEP per individual retained in the program over the given time period. The
number of sex acts is the number of partners multiplied by the average number of sex acts with each over the given time
period. The use-effectiveness of PrEP is the HIV-risk reduction through use of PrEP at a given level of adherence, for a
population with a given average program retention level49. This rule holds under the condition that the prevalence in the
partner population multiplied by the average number of sex acts with each partner per unit of time, multiplied by the basic
risk of HIV transmission through peno-vaginal sex, the average proportion of sex acts not protected with condoms and PrEP
is much less than 1. This simple rule can be approximated using data collected in PrEP programs49. Further details on the
derivation of this rule and associated conditions are given in the Appendix 4: Supplementary Materials.

Heatmaps to estimate the relative unit cost at which PrEP scale-up from higher- to lower-risk women
is cost-effective
The relative cost at which PrEP will be equally as cost-effective to scale up in the lower-risk group as
it will be in the higher-risk group, is demonstrated in four scenarios shown in Figure 2: underlying
HIV prevalence in the lower-risk women’s partner population of 10%, 20%, 30% and 40%, and with
HIV prevalence in the higher-risk women partner population of 40% (approximately that of FSW
clients in higher-burden settings). The equivalent figure corresponding to a lower HIV prevalence in
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the higher-risk women’s partner population of 20% is given in Appendix 4: Supplementary Materials
– Figure S4.

Figure 2: Relative unit cost at which it is cost-effective to scale up PrEP from a higher- to lower-risk women group.
The heatmaps show the relative unit cost at which it is cost-effective to scale up PrEP from a higher- to a lower-risk group.
The relative unit cost at which PrEP is cost-effective is shown by the relative average condom use in the lower-risk group
compared to the higher-risk group (x-axis), and the relative number of sex acts a month for women in the lower-risk group
compared to the higher-risk group (y-axis). The unit cost of PrEP in the lower-risk group relative to the higher-risk group at
which PrEP is equally cost-effective between the two groups is shown by colour, according to the colour key on the righthand side of the graph. A colour within the yellow spectrum denotes that the relative unit cost of PrEP in the lower-risk
group relative to the higher-risk group has to be less than 1 for it to be equally as cost cost-effective. A colour within the
green spectrum denotes that the relative unit cost of PrEP in the lower-risk group relative to the higher-risk group will be
greater than 1 for it to be equally as cost cost-effective. The 4 heatmaps correspond respectively (left to right, top to
bottom) to underlying partner HIV prevalence of 10%, 20%, 30% and 40% in the lower-risk group’s partner population and
all of them corresponding to 40% HIV prevalence in the higher-risk women’s partner population. The heatmaps are
calculated using equation (S1.5) from the Appendix 4: Supplementary Materials, assuming that women’s partners are
drawn from a single population each. The higher-risk group are assumed to have 12-month PrEP program retention levels
of 22%3 and adherence levels of 70-85% (corresponding to a risk reduction of 73-99%48). The PrEP program retention levels
for the lower-risk group were simulated between +/- 25% the retention of the higher-risk group4. For those lower-risk
women retained in the PrEP program, it was assumed that PrEP adherence was the same as the higher-risk group.

Where HIV prevalence in the lower-risk women’s partner population is 10%, the results show that
irrespective of both women’s condom use, the unit cost of PrEP in the lower-risk group will have to
be much lower than in the higher-risk group for PrEP roll-out to be equally as cost-effective (areas
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shaded yellow), other than where the numbers of monthly sex acts in the lower-risk group exceeds
that of the higher-risk group (areas shaded green). As HIV prevalence increases in the lower-risk
women’s partner population relative to the higher-risk women’s partner population, PrEP will be
equally cost-effective between the two groups at increasingly higher unit costs for the lower-risk
group relative to the higher-risk group.
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Country case studies
The model fits to HIV incidence for South Africa, Zimbabwe and Kenya are given in Appendix 4:
Supplementary Materials: Figures 1-3.
Figure 3 shows the maximum unit cost of PrEP for AGYW, women 25-34 years and women 35-49
years, relative to the unit cost of PrEP for FSW, for scale-up to be equally as cost-effective as it is in
FSW. This is shown for South Africa (blue), Zimbabwe (orange) and Kenya (green). As comparators,
the estimated current relative unit costs are shown (cream).

Figure 3: Relative unit cost of PrEP for scale-up to be equally as cost-effective as for FSW.
The boxplot shows the maximum unit cost of PrEP per year for AGYW, women 25-34 years or women 35-49 years relative to
the unit cost of PrEP for FSW, for PrEP scale-up in these populations to be equally as cost-effective as it is for FSW (brightcoloured boxes). The maximum relative unit costs are shown, grouped left to right, for AGYW, women 25-34 years or
women 35-49 years. Within each age grouping, the results are show by country, left to right, for South Africa (in blue),
Zimbabwe (in orange) and Kenya (in green). The maximum relative unit costs are calculated using equation (S2.5) from
Appendix 4: Supplementary Materials and assume that 12-month PrEP program retention in AGYW, women 25-34 years or
women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS
demonstration project3. As comparisons, current estimates of the unit costs of PrEP for AGYW, women 25-34 years and
women 35-49 years, relative to the unit cost of PrEP for FSW are shown for all countries (in cream), calculated using data
from Table 1. The abbreviations used in the graph are as follows: AGYW denotes adolescent girls and young women 15-24
years, S Africa denotes South Africa and Zim denotes Zimbabwe.
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For example, in the case of AGYW in South Africa, Figure 3 shows that PrEP will be equally costeffective for AGYW as for FSW at a maximum median relative unit cost of 23.3 % (95% CrI: 13.3%,
36.8%) (furthest left blue boxplot). The current estimated unit cost of PrEP in AGYW relative to FSW
in South Africa is median 79.8 % (95% CrI: 73.0%, 87.0 %) (furthest left cream boxplot). If the cost of
PrEP for AGYW dropped by median 70.8% (95% CrI: 53.2%, 83.4 %) it would be equally as costeffective as for FSW (Appendix 4: Supplementary Materials: Table S3).
Otherwise, across all other scenarios in all three countries, the unit cost of PrEP for AGYW, women
25-34 years and women 35-49 years would have to drop between median 71.8-91.0% (95% CrIs
spanning: 50.8%, 96.5%) to be equally as cost-effective.
Figure 4 illustrates the estimated number of infections that could be averted a year due to PrEP in
each high-risk women population group, in each country, for every $100,000 available for PrEP
programming. Additional analyses, including the proportion of HIV infections that could be averted a
year for every $100,000 allocated to each population group are shown in Appendix 4: Supplementary
Materials: Tables S4, S5 and Figure S5.

Figure 4: Boxplot of the number of HIV infections that could be averted a year due to PrEP, for each $100k available for
PrEP programming.
The boxplot shows, for each $100k available for PrEP programming a year for FSW, AGYW, women 25-34 years and women
35-49 years, the total number of infections that could be averted a year due to PrEP. The number of infections that could be
averted a year for each $100k available for PrEP are shown, grouped left to right, for FSW, AGYW, women 25-34 years or
women 35-49 years. Within each age grouping, the results are shown by country, left to right, for South Africa (in blue),
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Zimbabwe (in orange) and Kenya (in green). The number of infections averted a year is calculated using equation (S2.10)
from Appendix 4: Supplementary Materials and assumes that 12-month PrEP program retention in AGYW, women 25-34
years or women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the
TAPS demonstration project3. The unit costs of PrEP for each high-risk women group are as stated in Table 1. These
estimates hold until PrEP saturation (determined by retention levels and population size) has been reached in the smallest
population group – in this case, FSW. After this point, no additional financial resources will be able to reduce infections per
year in this population group.

Given the differences in relative population sizes, Figure 5 demonstrates the relative number of
infections that could be averted a year with PrEP at equal coverage levels in AGYW, women 25-34
years and women 35-49 years as in FSW. These results correspond to Table S8 in the Appendix 4:
Supplementary Materials.

Figure 5: Violin plot of the relative number of infections averted a year on PrEP with equal program coverage as in FSW.
The violin plot shows the relative number of infections that could be averted a year in HIV negative AGYW, women 25-34
years or women 35-49 years, compared to in FSW, if PrEP were scaled up at the same coverage levels as in HIV negative
FSW. The relative number of infections that could be averted are shown, grouped left to right, for South Africa (in blue),
Zimbabwe (in orange) and Kenya (in green). In the violin plots, the white dots represent the median values, the thick black
vertical lines represent the interquartile range, the vertical length of the violin represents the range of values and the width
of the violin represents the frequency with which those values occur. The relative number of infections that could be averted
are calculated using equation (S2.9) from Appendix 4: Supplementary Materials and assumes that 12-month PrEP program
retention in AGYW, women 25-34 years or women 35-49 years is within +/-25% of retention levels for FSW, taken to be
22%, in line with the results of the TAPS demonstration project3. The abbreviations used in the graph are as follows: AGYW
denotes adolescent girls and young women 15-24 years, 25-34 yr denotes women 25-34 years and 35-49 yr denotes women
35-49 years in each country.
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In comparison to the number of infections averted annually in FSW in South Africa, a median 24 times
(95% CrI:12, 45) the number of HIV infections could be averted in AGYW, median 14 times (95% CrI:7,
27) in women 25-34 years, and median 8 times (95% CrI:4, 17) in women 35-49 years, if PrEP were
rolled out at the same coverage levels across populations.
In Zimbabwe, a median 4 times (95% CrI:2, 9) the number of annual HIV infections could be averted
in AGYW, median 8 times (95% CrI:3, 14) in women 25-34 years, and median 3 times (95% CrI:2, 5) in
women 35-49 years, in comparison to FSW with equal PrEP program coverage.
In Kenya, a median 3 times (95% CrI:2, 8) the number of HIV infections could be averted in AGYW,
median 3 times (95% CrI:1, 5) in women 25-34 years, and median 1 times (95% CrI:1, 3) in women 3549 years, in comparison to FSW with equal PrEP program coverage.

Sensitivity analyses
Repeating the analyses shown in Figure 3 (relative unit cost for PrEP to be equally as cost effective)
and Figure 5 (relative number of infections averted a year with equal program coverage) with 25%
reduced adherence-related HIV risk-reduction across all female groups led to <0.01% change across
the scenarios (Appendix 4: Supplementary Materials: Tables S9 and S10). Repeating these analyses
with 25% reduced adherence-related HIV risk reduction among all non-FSW women groups led to
<0.3% change across the scenarios (Appendix 4: Supplementary Materials: Tables S11 and S12).
Repeating the analyses in Figures 3 and 5 under the structural sensitivity analysis, exploring the case
that women 25-34 years have partners from the 35-49 year age group in addition to their own age
group, led to <1% change across scenarios (Appendix 4: Supplementary Materials: Tables S13 and S14).
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Discussion
This is the first study to assess the potential impact and cost-effectiveness of PrEP scale-up across
different high-risk women population groups among countries in sub-Saharan Africa, to highlight key
considerations for policy decision making. PrEP should be offered to women at highest HIV risk, such
FSW, for whom it is most cost-effective. However, only by extending PrEP to women at
comparatively lower risk will new HIV infections reduce substantially.
We developed three simple tools to guide PrEP programming, applicable to any setting using a basic
set of information typically available to implementers. First, heatmaps (Figure 1) to estimate the
annual HIV incidence in women, by number of monthly sex acts, average condom use and underlying
epidemic setting. Second, a simple rule (Equation 1) to gain qualitative program insights around the
relative cost at which PrEP will be equally as cost-effective between two groups of women with
different HIV risk factors and behaviours. Third, heatmaps (Figure 2) applying the relative costeffectiveness estimates to different epidemic settings.
By adapting the models to three countries spanning the spectrum of high HIV burden contexts in
sub-Saharan Africa, we have seen that the unit costs of PrEP delivery for AGYW, women 25-34 years
and women 35-49 years would have to reduce considerably (by estimated median 70.8-91.0%
across scenarios) for scale-up to these populations to be as cost-effective as for FSW. Indeed, on an
individual basis, PrEP is most cost-effective for FSW than any other high-risk women population
group, with a greater number of infections averted a year for every $100k available for PrEP
programming in all three country contexts (Figure 4).
However, rolling out PrEP widely for women in the general population has potential to substantially
impact on the countries’ HIV epidemics. In South Africa, PrEP has the potential to avert
approximately 24 times the number of infections annually in AGYW as in FSW when scaled up at
equal coverage levels, and approximately 14 and 8 times the number in women 25-34 and 35-49
years respectively. In Zimbabwe approximately 8 times the number of infections could be averted
annually in women 25-34 years as in FSW, and approximately 4 and 3 times the number in AGYW
and women 35-49 years respectively. In Kenya, approximately 3 times the number of infections
could be averted annually in AGYW and in women 25-34 years as in FSW, and around the same
number in women 35-49 years as in FSW. The wide variability in the violin plot estimates of the
relative number of infections averted by population group (Figure 5) highlight that decisions around
PrEP scale-up will need to depend on the specific characteristics of the groups under consideration.
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By quantifying the impact that can be achieved through PrEP scale-up across high-risk women
groups in each of the three country contexts, this study highlights the potential importance of PrEP
roll-out at population level, even considering low levels of program retention and adherence. It
underscores the value of universal access to PrEP in sub-Saharan Africa as part of a rights-based
approach to health. Policy makers will need to weigh these prospects against affordability, in view of
current program costs, budget constraints and program sustainability (although given PrEP is
intended to cover seasons of risk, rather than for long term use, it may be more feasibly scaled back
over time as population incidence decreases).
Scaling up PrEP for women in the general population has the potential to drive cost reductions
through economies of scale, in turn improving cost-effectiveness, allowing more women to be
reached with the same budget. Doing so will require countries to continue to integrate PrEP into a
range of health, non-health and community services for women in the general population5–7, which
in some instances (e.g. education) may be challenging in local cultural contexts. Advocates’ efforts
will be important in further reducing drug prices, as will the prioritization of resources for prevention
by decision makers. Long-acting PrEP formulations, currently under investigation67–69, may also help
improve cost-effectiveness, if they are able to increase HIV prevention use-effectiveness through
improved product adherence and retention in comparison to daily oral pill formulations.

Limitations
This study was conducted using static mathematical models, given their comparative ease for use in
policy making. Static models can be more easily tailored to individual settings, necessitating a
narrower and more readily available set of data in comparison to the more complex dynamic models
typically used to inform HIV decision making. However, they do not capture downstream infections
averted in partner populations and the wider society. Many studies have shown that introducing HIV
prevention interventions to high-risk groups has greatest impact on reducing onwards transmission
early in epidemics when prevalence is low and the basic reproductive rate is high, than in endemic
high-burden contexts70,71, such as those in which our model is applied2. Therefore, if the study were
extended to look at the impact of PrEP beyond its recipients, these estimated infections averted
would be minima, costs per infection averted maxima, and modest changes would be expected
comparing the relative impact between high-risk populations.
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Much of the data used to characterise high-risk women are limited by age and lack of reliable data
on numbers of partners and numbers of sex acts. Sexual behaviour data is subject to underreporting, and when collected for the general population through demographic health surveys,
reporting as percentages makes it difficult to derive meaningful limits or statistic distributions for the
underlying data. HIV incidence and prevalence data are not always available for the same population
for the same year. As PHIA surveys72 in PEPFAR-supported sub-Saharan African countries continue to
be rolled out over the coming years, these data will become more readily and consistently available
to repeat these analyses across high-burden countries. Cost estimates are limited by assumptions on
how subgroups are reached. Whilst a strength of this study is heterogeneity in programmatic costs,
our estimates are limited by the scarcity of empirical data in these settings. Data uncertainty is
addressed to some extent through the uncertainty analysis.
This study parameterises models using population averages for broadly defined groups for whom
data is readily available in the literature. It does not account for significant behavioural
heterogeneity that exists within each of these groups nor in differences in HIV burden at local-levels,
potentially masking important risk groups and population interactions. Accordingly, reported
population mixing between women 15-19 years and men 5-10 years older in these countries was
approximated to be represented by AGYW (15-24 years) drawing partners from male populations
15-24 years and 25-34 years. Lack of available data to parameterize women 50 years+ meant that it
was not possible to explore the scale-up of PrEP to this population group. Where available data
permits, these analyses could be tailored to reflect greater or different heterogeneity between subpopulations and at sub-national level. Lastly, the study also does not explicitly account for other PrEP
program cascade factors, such as uptake. Doing so would affect the relative estimates of PrEP
effectiveness where at least one of the female populations have materially different levels of
program uptake than the others.

Conclusion
PrEP has the potential to significantly reduce the numbers of new HIV infections in HIV-endemic
countries in sub-Saharan Africa, even considering low levels of PrEP program retention in women.
This will necessitate PrEP being made widely available beyond those at highest individual risk,
including to women in the general population. Wide-scale roll out will require integration of PrEP
into a wide range of national services and at community level, in order to significantly bring down
the costs and improve cost-effectiveness.
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5.4 Implications for Thesis
The conclusions of Research Paper 3 indicate that PrEP has the potential to significantly reduce the
numbers of HIV infections at population-level, if it is scaled up widely for women beyond those at
highest individual risk. This is noteworthy, considering the low levels or PrEP program retention
accounted for: 22% retention after 1 year in female sex workers, and within ±25% of this (i.e. 16.5%27.5%) for all other women.
The female population groups in which PrEP has the potential to reduce the greatest number of
infections differs by country according to their underlying incidence profiles. In South Africa, it is
estimated that PrEP has the potential to avert the most number of infections in AGYW as compared
to FSW (approximately 24 times the number annually), followed by women 25-34 years
(approximately 14 times the number) and then women 35-49 years (approximately 8 times the
number). By contrast, in Zimbabwe, it is estimated that the greatest number of infections could be
averted annually in women 25-34 years (approximately 8 times the number as in FSW), followed by
AGYW and women 35-49 years (approximately 4 and 3 times the number as in FSW respectively). In
Kenya, roughly the same number of new infections could be averted annually in AGYW and women
25-34 years (approximately 3 times the number of infections as in FSW respectively), followed by
women 35-49 years (approximately the same number as in FSW).
Policy makers will have to balance this important potential for infection reduction at population
level, with their ability to pay for PrEP scale-up. Using current estimates of cost of PrEP delivery by
population group, and given the significantly greater HIV risk faced by FSW in comparison to other
female groups in the general population, PrEP provision remains significantly more cost-effective for
FSW across the three country contexts explored. The unit cost of PrEP delivery for AGYW, women
25-34 years and women 35-49 years would need to drop significantly by between median 70.8%91.0% across all three country contexts to be as cost-effective as for FSW.
Scaling up PrEP at population level by integration into a range of national and community services
has the potential to drive cost reductions, improving cost-effectiveness on an individual basis for
AGYW, women 25-34 years and women 35-49 years. However, achieving cost-parity with the cost of
PrEP for FSW (other than potentially for AGYW in South Africa) is likely to be challenging for these
countries in the near term.
Policy makers in sub-Saharan Africa can easily adapt the models and tools used in this Research
Paper to estimate the relative cost-effectiveness and potential impact of PrEP for different risk
populations by country context. It is hoped that this information will then help these decision
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makers weigh available resources with the potential for impact of PrEP at population level in an
effort to maximise HIV infections averted.
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Chapter 6
6. Discussion
6.1 Main findings
This PhD thesis set out to address the following aim and objectives:
Aim: to use mathematical modelling to inform policy making around the scale-up of PrEP for women
across a spectrum of high HIV risk in sub-Saharan Africa, accounting for heterogeneities in HIV risk
factors and PrEP programme outcomes
Objectives:
1. To assess the potential effectiveness of PrEP in reducing HIV infections among high-risk women
in sub-Saharan Africa
2. To explore the extent to which behavioural disinhibition may outweigh the potential benefits of
PrEP
3. To assess the robustness of conclusions made on the basis of static modelling techniques to
incorporation of dynamic effects, to contribute to understanding around the importance of
modelling complexity to inform HIV policy making
4. To explore strategies for the scale-up of PrEP across high-risk women at population-level,
weighing considerations around HIV infection reduction and cost-effectiveness
5. To evaluate strategies for PrEP scale-up in more than one country setting in sub-Saharan Africa,
to explore how the approach to PrEP scale-up may differ by epidemic and implementation
context

An assessment of the research conclusions in relation to the thesis objectives is set out in the
following section.
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Objective 1: To assess the potential effectiveness of PrEP in reducing HIV infections among high-risk
women in sub-Saharan Africa
This objective was assessed in Chapters 3, 4 and 5 as a critical step on the modelling pathway to
investigation of subsequent thesis objectives, e.g. around the effects of behavioural disinhibition and
strategies for PrEP scale-up. The modelling undertaken in all three chapters, through both static and
dynamic model formulations, concluded that PrEP has the potential to reduce new HIV infections
among women across a spectrum of risk in sub-Saharan Africa. However, its ability to do so is
dependent on women’s PrEP programme cascade metrics, including PrEP programme uptake,
retention and adherence. PrEP will only be effective at reducing HIV risk for a woman if it is made
available to her, she has access to it, commences taking the drug, is retained in the programme
during her season of risk and adheres to it. It also depends on the level of any behavioural
disinhibition following commencement of PrEP relative to other HIV risk factors and her useeffectiveness of PrEP (level of HIV risk reduction achieved through taking PrEP with given retention
and adherence levels). The analytical derivations in Research Paper 1 (Chapter 2, Equation 2.7) have
illustrated that as long as the use-effectiveness of PrEP is at least the same as that achieved with
condoms prior to introduction of PrEP, PrEP will always be beneficial in reducing HIV risk. Once the
precise relationship between PrEP adherence and use-effectiveness has been established for
women, this will facilitate understanding of the levels of weekly PrEP pill adherence needed
compared to baseline levels of condom consistency (for which there is a linear relationship between
use and effectiveness) to achieve the same levels of HIV risk reduction.

Objective 2: To explore the extent to which behavioural disinhibition may outweigh the potential
benefits of PrEP
This objective was assessed first through Research Paper 1 (in Chapter 3) using a static model and
the results then verified through Paper 2 (in Chapter 4) using a dynamic model formulation. The
papers conclude that should behavioural disinhibition occur, the extent to which the protective
effects of PrEP will outweigh increased HIV risk through reductions in condom use depends on the
use-effectiveness of PrEP and the change in use of condoms following PrEP commencement. The
effects of behavioural disinhibition would be more pronounced for women at higher underlying risk
of HIV owing to other non-condom related risk factors.
The methodological approaches undertaken through both Research Papers agree in their broadstroke policy conclusions to guide decision making at country level. These are, that in high HIV
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burden contexts, PrEP for high-risk women is likely to be of benefit in reducing HIV risk even if
reductions in condom use occur; that reductions in condom consistency can be better tolerated by
high-risk women achieving high levels of PrEP use-effectiveness or with low baseline condom
consistencies; and efforts to promote condom use will be especially critical for high-risk women with
high levels of baseline condom consistency but who are anticipated to adhere less well to PrEP.
The exact use-effectiveness threshold at which PrEP is a beneficial additional HIV prevention
approach for high-risk women (considering any reductions in condom consistency following PrEP
introduction) depends on other underlying epidemiological and behavioural HIV risk factors. In the
case of FSW in inner-city Johannesburg, if PrEP is introduced in a context where the underlying HIV
epidemic has reached HIV equilibrium, over short-medium time horizons of up to 5 years, it is
estimated that up to 85% reduction in condom consistency can be tolerated, as long as 65% useefficacy is achieved with PrEP. 65% PrEP use-efficacy corresponds to adherence levels of more than 4
tablets out of 7 a week, according to the Partners Demonstration Project analysis in women1. If the
underlying epidemic were still to be increasing in inner-city Johannesburg, the level of reduction in
condom consistency tolerated with 65% PrEP use-effectiveness would drop from 85% to 34% after 5
years on PrEP.
As highlighted in our recent Commentary for the Lancet HIV (Appendix 5), there are further aspects
in relation to behavioural disinhibition on PrEP that would benefit investigation. These include
community-level behavioural disinhibition (reductions in condom use in those not using PrEP, which
has recently been reported among MSM communities in Australia2); patterns of behavioural
disinhibition in relation to intermittent PrEP regimens (i.e. between and after episodes of PrEP); and
alternate strategies for STI prevention among PrEP takers with low baseline condom use.

Objective 3: To assess the robustness of conclusions made on the basis of static modelling techniques
to incorporation of dynamic effects, to contribute to understanding around the importance of
modelling complexity to inform HIV policy making
This objective was assessed through Research Paper 2 (Chapter 4). Research Paper 2 compared the
results of matched static and dynamic model formulations in exploring the impact of the
introduction of a new HIV prevention intervention (in this case, PrEP) for women at high HIV-risk in
SSA, using the case study of FSW in inner-city Johannesburg. Research Paper 2 explored the extent
to which the broad-stroke conclusions made on the basis of the static model held under the dynamic
model formulation. The paper explores the extent to which specific numeric predictions of the
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reductions in condom consistency tolerated on PrEP made through the static model remained robust
under the dynamic model formulation. This was assessed different epidemic contexts (where the
underlying HIV epidemics in the respective populations are still increasing, at equilibrium, and fully
endemic in the populations) and over time horizons of three months to 20 years.
Research Paper 2 concluded that the overarching policy conclusions made on the basis of the static
model remained true under the dynamic model formulation. This is a noteworthy conclusion given
the comparative advantages of static models for use by policy makers3,4.
Regarding the consistency of the numeric predictions between the two models, Research Paper 2
found that over short-medium time-horizons of up to five years, the static model approximates the
outcomes of the dynamic model fairly consistently. However, over longer timeframes of up to 20
years, the static models may underemphasize situations of programmatic importance, especially in
contexts where underlying epidemics are increasing. In particular, the model comparison found that
the reductions in condom use predicted by the static model do not hold under the dynamic model
formulation where initial condom consistencies are reasonably high (≥50%) and/or PrEP useeffectiveness is low (≤45%), with the differences greater where the underlying HIV epidemic is
increasing. The difference between the models’ outcomes arise principally from the dynamic
model’s ability to capture changes in HIV prevalence over time, highlighted where PrEP useeffectiveness is insufficiently high enough to mask greater reductions in condom use.

Objective 4: To explore strategies for the scale-up of PrEP across high-risk women at population-level,
weighing considerations around HIV infection reduction and cost-effectiveness
This objective was explored through Research Paper 3 (Chapter 5), which assessed the potential
individual-level cost-effectiveness and population-level impact (number of infections averted) of
PrEP, for women across a spectrum of high risk: AGYW, women 25-34 years, women 35-49 years and
FSW. In the absence of willingness to pay thresholds, relative cost-effectiveness was assessed by
comparing estimates of cost per infection averted between high-risk women populations. Research
Paper 3 devised three simple tools to guide implementers in assessing strategies for PrEP scale-up at
country level, applicable to any setting, using a basic set of information available to implementers5.
The first tool helps implementers estimate the annual HIV incidence in women, using information on
average number of monthly sex acts, average condom use and underlying epidemic setting. The
second tool helps implementers to estimate the relative cost at which PrEP will be equally as costeffective between two groups of women according to their HIV risk factors and risk behaviours. The
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third simple tool helps implementers assess the relative unit cost at which PrEP will be equally as
cost-effective for lower-risk women as women at comparatively higher-risk, also using information
on average number of monthly sex acts, average condom use and underlying epidemic setting.
The Research Paper then assessed strategies for PrEP scale-up across these four groups of high HIVrisk women in three different country implementation contexts in SSA. It concluded that to maximise
cost-effectiveness, PrEP should be offered to women at highest HIV risk, such FSW. However, to
maximise the number of HIV infections averted at population-level, and significantly impact the HIV
epidemics in SSA, PrEP should be rolled out for women in the general population at comparatively
lower HIV-risk, but in whom the number of HIV infections are in total greater annually, due to vast
differences in population size. The relative magnitude of potential infections averted on PrEP
annually in each of the 4 high-risk women groups differs by country context, according to underlying
HIV risk factors (epidemiological and behavioural), relative population sizes and PrEP programme
outcomes in each of the groups. As such, so would the order of prioritization of high-risk women
groups for PrEP scale-up in each of these country contexts.
Wide-scale roll out of PrEP for groups of women in the general population has the potential to drive
cost reductions through economies of scale, improving cost-effectiveness and allowing more women
to be reached with the same financial resources. This will require the integration of PrEP into a range
of health, non-health and community services for women, which in some instances may be
challenging considering local cultural contexts (e.g. integration into education settings for AGYW).
Accordingly, strategies for scale-up of PrEP for women across a spectrum of high HIV-risk can be
determined using the analytical tools developed for this study, allowing decision makers to assess
relative cost-effectiveness and relative number of infections averted at population level. These
strategies will also need to account for the contextual considerations outlined in the study, including
potential scope for PrEP cost-reduction through economies of scale, potential for integration of PrEP
into a wide range of national services and at community level to research each of these groups of
women and other relevant contextual, political and cultural factors.

Objective 5: To evaluate strategies for PrEP scale-up in more than one country setting in sub-Saharan
Africa, to explore how the approach to PrEP scale-up may differ by epidemic and implementation
context
This objective was explored through Research Paper 3 (Chapter 5), which applied analytical tools to
assess the potential cost-effectiveness and population-level impact of PrEP across the 4 groups of
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women at high risk of HIV in three different implementation contexts in SSA. Specifically, strategies
for PrEP scale-up were applied to three HIV endemic countries in SSA that span a range of HIV
burden levels in the region: South Africa (20.4% adult HIV prevalence), Zimbabwe (12.7% adult HIV
prevalence) and Kenya (4.7% adult HIV prevalence)6. The analysis showed that in all three country
contexts, PrEP is most cost-effective for FSW, for whom HIV risk is higher than all the other female
population groups considered.
Looking at the potential impact of PrEP population-level in reducing the greatest number of new HIV
infections annually, the relative magnitude of potential infections averted across the 4 high-risk
women groups differs by country context. In South Africa, PrEP has the potential to avert
approximately 24 times the number of infections annually in AGYW as in FSW when scaled up at
equal coverage levels, and approximately 14 and 8 times the number in women 25-34 and 35-49
years respectively. In Zimbabwe, approximately 8 times the number of infections could be averted
annually in women 25-34 years as in FSW, and approximately 4 and 3 times the number in AGYW
and women 35-49 years respectively. In Kenya, approximately 3 times the number of infections
could be averted annually in AGYW, 3 times in women 5-34 years as in FSW, and the same number in
women 35-49 years.
PrEP has the potential to avert significant numbers of new HIV infections annually in each of these
countries with high HIV incidence among women, even considering low levels of PrEP program
retention seen in among women in sub-Saharan African settings. This will necessitate PrEP being
made widely available beyond those at highest individual risk. In each of these three countries,
strategies for PrEP scale-up for women across risk-groups in the general population will account for
the relative number of infections that could be averted annually between each group, resource
availability, the potential scope for PrEP cost-reduction through economies of scale, political will, the
potential for PrEP to be integrated into a wide range of national services and at community level to
research each of these groups of women and other relevant contextual and cultural factors.
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6.2 Contributions of Thesis
The contributions of this thesis are summarised below, grouped as 1) contributions to HIV policy
making and PrEP programming, and 2) contributions to methods.

6.2.1

Contributions to HIV policy making and PrEP programming

This thesis has demonstrated that PrEP is likely to be a beneficial HIV prevention tool for women
across a spectrum of high HIV-risk in sub-Saharan Africa, accounting for heterogeneities in HIV risk
factors and PrEP programme outcomes. This holds, even if reductions in condom use occur on PrEP.
This is an important take away, given the critical need for the scale-up of new HIV prevention
approaches to address the incredibly high levels of HIV incidence in women across a spectrum of HIV
risk in SSA7, the concerns that behavioural disinhibition may outweigh the HIV-protective effects of
PrEP8–12 and in view of the low levels of PrEP programme retention and drug adherence observed in
studies to date for women at high-HIV risk in SSA13–20.
This research guides PrEP programmers and policy makers that in high HIV burden contexts,
reductions in condom consistency can be better tolerated by women achieving high levels of PrEP
use-effectiveness or with low baseline condom consistencies. It has demonstrated that efforts to
promote condom use will be especially critical for high-risk women with high levels of baseline
condom consistency but who are anticipated to adhere less well to PrEP.
This research has built on the work by Foss et al21 in relation to the introduction of an HIV- and STIefficacious microbicide, which also found that there are likely to be contexts in which reductions in
condom use can be tolerated (depending on the efficacy and use-effectiveness of the microbicide),
and that particular concern should be paid to individuals with high baseline levels of condom use
anticipated to have challenges in using microbicides consistently. This thesis has gone further,
however, in several ways. First, it explored the effect of reductions in condom consistency with two
different partner populations of FSW, finding that condom consistency with regular partners could
be reduced to zero, and reductions in condom consistency with clients still be tolerated whilst
achieving 50% HIV risk reduction, with levels of PrEP use-effectiveness of at least 55%. This is of note
given the incentives for FSW to reduce condom consistency with clients22, and challenges with
condom use between FSW and regular partners23. It has accounted for an important element of the
PrEP programme cascade, retention, within the Bernoulli HIV risk equation, finding that in spite of
the low levels of retention among women observed among demonstration projects13,14,20, PrEP has
the potential to substantially impact the annual number of new HIV infections annually among
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women in sub-Saharan Africa. It has also explored the epidemic contexts and timeframes over which
the results of the static model formulation hold, having accounted for the dynamics of population
interactions (further assessment of this below).
To help assess strategies for PrEP scale-up in resource-constrained environments beyond women at
highest HIV-risk in sub-Saharan African society, accounting for heterogeneities in women’s risk
factors and PrEP programme outcomes, this research has contributed a number of analytical tools,
three country case studies and noted associated implementation considerations. It has
demonstrated that PrEP will always be most cost-effective for those women, such as FSW, who are
at highest HIV risk in sub-Saharan African contexts. However, to maximise the number of HIV
infections averted at population-level, and significantly impact the HIV epidemics in SSA, PrEP will
need to be rolled out for women within the general population.
Having assessed PrEP roll out across 4 population groups across a spectrum of risk in SSA (AGYW,
women 25-34 years, women 35-49 years and FSW), this research has demonstrated that strategies
for PrEP scale-up for women across risk-groups in the general population need to be informed by 1)
the relative number of infections that could be averted annually between each group with PrEP, 2)
the relative cost-effectiveness of PrEP between these population groups; 3) resource availability and
the potential scope for PrEP cost-reduction through economies of scale, and 4) the potential for PrEP
to be integrated into a wide range of national services and at community level to reach each of these
groups of women, as well as other relevant contextual, political and cultural factors.
Case studies are illustrated for three countries in SSA, South Africa, Zimbabwe and Kenya, all of
which are currently weighing PrEP roll out beyond those at highest individual HIV-risk24–26, and
represent different implementation settings across a spectrum of HIV burden in the region7. It is
hoped that this research will help inform in-country deliberations around PrEP scale-up.
More generally, this research provides decision makers with a number of relatively simple analytical
and pictorial tools to guide programming in implementation contexts. These include the simple
analytical relations outlined in Research Paper 1 (Chapter 3) to guided assessment of the conditions
under which reductions in condom use will be tolerated on PrEP. They also include the tools set out
in Research Paper 3 to help PrEP implementers estimate the annual HIV incidence in women and the
relative cost at which PrEP will be equally as cost-effective between two groups of women at
different levels of HIV risk, using a limited set of information typically available in implementation
settings5. Many of the static models used in this PhD could relatively easily be carried out or adapted
by implementers with limited analytical background and limited experience with programming tools
– for example the relatively simple Excel-based static model from Research Paper 1.
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To the best of my knowledge this research is the first to have assessed 1) the extent to which
behavioural disinhibition can be tolerated without increasing HIV risk following the introduction of
PrEP, and 2) the scale-up of PrEP across high-risk women population groups in SSA, whilst
considering heterogeneities in HIV risk factors and PrEP program outcomes. The analytical
approaches carried out in this research could easily be adapted to assess new PrEP formulations as
they become available27, or indeed adapted to other new HIV prevention interventions, populations
or implementation settings.
Finally, this research will give assurance that static models of HIV risk are likely to be robust in
assessing the introduction of new HIV prevention interventions in high-burden settings where the
underlying HIV epidemics are at equilibrium, especially over short-medium time horizons of up to 5
years. There is therefore scope for static models, which are simpler to devise, parametrise and
communicate, to be used more routinely to inform decision making in such contexts. Where such
tools are to be implemented in contexts where the underlying HIV epidemics are still increasing,
policy makers are advised to instead rely on dynamic modelling tools.

6.2.2

Contributions to methods

To the best of my knowledge, this research is the first to examine the extent to which the
conclusions of static models remain robust to the incorporation of dynamic effects when considering
the introduction of a new HIV prevention intervention, across differing time horizons and epidemic
contexts. This methodological question was explored using the topical open question surrounding
tolerated reductions in condom use following the introduction of PrEP8–12, and using the pertinent
case study of FSW in inner-city Johannesburg, a population at very high levels of HIV28.
This research has demonstrated that over short-medium time-horizons of up to five years, the static
model approximates the outcomes of the dynamic model fairly consistently. However, over longer
timeframes of up to 20 years, the static models may underemphasize situations of programmatic
importance, especially in contexts where underlying epidemics are not at equilibrium. In particular,
the model comparison found that the predictions of the static model do not hold well under the
dynamic model formulation over longer time horizons in specific contexts - where initial condom
consistencies are reasonably high (≥50%) and/or PrEP use-effectiveness is low (≤45%), with the
differences greater where the underlying HIV epidemic is increasing. The difference between the
models’ outcomes arises principally from the dynamic model’s ability to capture changes in HIV
prevalence over time, highlighted where PrEP use-effectiveness is insufficiently high enough to mask
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greater reductions in condom use. Importantly, the key policy conclusions made on the basis of the
static model held well under the dynamic model formulation.
This research will contribute to the evolving and limited literature base seeking to assess the
minimum level of modelling complexity needed to appropriately address HIV policy questions29–31. It
provides reassurance that in high HIV-burden contexts where the underlying HIV epidemics are at
equilibrium, static models are sufficiently robust to inform decision making around the introduction
of new HIV prevention interventions over short-medium time horizons. This is noteworthy
considering the comparative advantages of simpler models outlined in this thesis, including that they
are typically easier to communicate to, be understood and owned by policy makers; their reduced
data requirements and speed of development compared to dynamic models; and their ease of use
to deduce broad principles to help guide decision making3,4,30–33.
These conclusions have direct implications for the use of existing simple static models used to guide
decision making in HIV, in view of the epidemic context and timeframe the analysis is applied to. For
example, it underscores the conclusions of Mishra and colleagues34 that the UNAIDS Models of
Transmission model, used to inform HIV prevention resource allocation at country and sub-national
levels, should be cautioned in epidemic contexts where HIV prevalence is increasing beyond very
short timeframes.
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6.3 Limitations
This section focuses on overarching limitations across the body of research undertaken in this thesis.

6.3.1

Accounting for uncertainty and fitting to data in Research Paper 1

Research Paper 1 adopted a simple static model that could easily be evaluated in Excel, along with a
very simple approach to assess parametric uncertainty, with the idea that the simplicity of the
approach would more intuitive to and more easily understood by policy makers. This was
undertaken by taking maximum and minimum values of each parameter from the literature and
repeating the analyses with exclusively maximum value and exclusively minimum values, to give
upper and lower bounds for model outcomes. The HIV risk model was not fitted to HIV incidence
data.
This approach to accounting for parametric uncertainty, whilst being a simple approach that was
hoped to be intuitive to and replicable by policy makers, is rudimentary. In general, this approach
cannot be relied upon to give true upper and lower bounds due to the interactions of non-linear
modelling terms. More appropriate yet simple Bayesian approaches, though slightly less intuitive,
could include assigning each parameter an underlying distribution, drawing a large number of
samples from each, and use these parameter sets to build up uncertainty ranges around model
outcomes.
As the risk model was not fitted to HIV incidence data, there cannot be confidence that the specific
numeric outcomes of the model apply well to the implementation context for FSW in inner-city
Johannesburg. The static model adopted in Research Paper 2, which was fitted to data, did confirm
the broad overall trends (not specific numeric values) of the static model used in Research Paper 1.
However, simple fitting approaches could have been used, such as undertaking the refined approach
to parametric uncertainty suggested above, and selecting only parameter sets that gave outcomes
(in the absence of the PrEP intervention) matching estimates of HIV incidence for the population.

6.3.2

Model structural uncertainty

The uncertainty analyses undertaken in all three Research Papers overall focused more strongly on
parametric rather than model structural uncertainty. Model structural uncertainty was accounted
for to some extent in Research Paper 1 by exploring one vs two partner population groups for FSW
(though the outcomes not specifically compared) and comparing the model outcomes with or
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without accounting for STIs in the model equations. In Research Paper 2, model structural
uncertainty was explored by assessing the model’s sensitivity to heterogeneity in the number of
parameters. This was undertaken by removing all parameters related ART, circumcision and STIs, rerunning the analyses and comparing the conclusions. In Research Paper 3, model structural
uncertainty explored the assumption (based on available data) that only AGYW have partners drawn
from an older age group, and looked at how the results change if women 25-34 years were assumed
to have partners also from the 35-49 year group.
Where model structural uncertainty is not fully explored, this means that there cannot be
confidence the model outcomes are not affected by the choice of model structure. One important
model structural uncertainty analysis that could be undertaken is exploring model sensitivity to
heterogeneity in populations and their interactions, for example, by more fully exploring multiple or
greater age disaggregation around partner populations (where relevant) and including the
underlying general population in models – see below for further interrogation of population
heterogeneity.

6.3.3

Population and demographic heterogeneity

Population heterogeneity
All the models developed for this research adopted simplified representations of heterogeneity in
population groups and their interactions. For example, whilst Research Papers 1 and 3 adopted two
partner populations for FSW, regular partners and clients, Research Paper 2 assumed only clients. In
practice, research has shown that FSW’s partner populations usually include at least a third group,
regular clients or boyfriends23,28,35. This is an important partner group in terms of HIV risk, as they are
often individuals at high HIV-risk and with whom condom consistency is typically low as a reflection
of the regular nature of the relationship23,28,35. In Research Paper 3, for the main analysis, AGYW and
FSW are assumed to have partners drawn from two populations and women 25-34 years and 35-49
years partners drawn from single populations each. In none of the Research Papers were other
underlying population groups accounted for, such as women and men in the general population for
Research Papers 1 and 2, and women and men 50+ years in Research Paper 3. Furthermore, FSW, as
well as the three additional general population female groups addressed in Research Paper 3 are far
from homogenous groups7,23,36–38. Though Research Paper 3 accounted for risk heterogeneity
through uncertainty analysis, further disaggregation of these groups may reveal important trends to
inform programming.
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Women in serodiscordant couples were not included in within the broader definition of women at
high HIV-risk in this research. Whilst they are at significantly elevated risk of HIV, this was
undertaken considering that many countries are rolling out distinct programmes in conjunction with
ART services to give PrEP to the HIV negative partner as a short-term bridge to HIV viral suppression
in the HIV positive partner25,39–41, so many not be considered for PrEP resource allocation within the
same category as ‘other’ high-risk women, as well as women in serodiscordant relationship’s
comparatively improved outcomes through the PrEP programme cascade vis-à-vis other groups of
high-risk women42,43. This was a subjective choice, and it could be argued that women in
serodiscordant relationships should have been included in the group of women defined as at high
HIV-risk for the purposes of the analyses undertaken. The models adopted across the Research
Chapters could easily be adapted to include women in serodiscordant relationships in future work.
In reality, individuals at risk have partners drawn from many different populations, and by not
accounting for these heterogeneous populations and their partner formations, important routes of
HIV transmission may be under accounted for, and therefore the research may fail to bring out
important groups to be prioritized for HIV prevention interventions. The level of population
heterogeneity accounted for in a model is a difficult balance between addressing important
populations for programming, with availability of data to parameterise these groups and their
interactions. It must also consider the ability of policy makers and implementers to implement
recommendations that in reality may be too focused on narrow population groups that are either
difficult to identify in practice or by doing so risks having adverse effects such as perpetuating stigma
around narrowly defined risk groups.

Demographic heterogeneity
This research also has limitations in the demographic heterogeneity accounted for. First, the
research has focused on countries in South and East Africa, due to their comparative elevated levels
of HV burden at population level, but not addressed any case studies from west and central Africa.
Nonetheless there are many female populations at high HIV-risk in west and central Africa, who
could perhaps benefit through such modelling to inform policy making around PrEP. It would also be
interesting to compare the conditions under which static models are sufficiently robust to inform
policy making around the introduction of a new HIV prevention intervention for high-risk women, as
undertaken in Research Paper 2, but in the context of lower-HIV burden settings.
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Additionally, HIV epidemics are incredibly diverse at sub-national levels, and in many settings, down
to the level of localities of hundreds of metres, such as the fishing communities on the shores of
Lake Victoria, where the transactional practice of sex-for-fish is a significant driver of HIV
transmission44,45. Whilst the research of Research Papers 1 and 2 were undertaken in a specific
geographic location (Hillbrow in inner-city Johannesburg), the settings for Research Paper 3 were at
national level. Whilst this was undertaken to inform dialogue at national levels, and the models can
be easily tailored to more specific geographies. However, doing so risks conclusions being made on
the basis of population averages and applied to settings with very different epidemiologic, as well as
other risk factor, realities. For example, in Kenya, at county level alone (a low level of demographic
disaggregation), the county with the highest average adult HIV prevalence, Siaya (21.0%), has
prevalence levels 210 times higher than the county with the lowest average adult HIV prevalence,
Wajir (0.1%) (2018 estimates)46.

Both these issues of population and demographic heterogeneity are part of a wider challenge in the
use of mathematical models to inform policy making and programme implementation – that models
are always a simplified version of reality, and therefore always wrong. The underlying tension in use
of models to inform decision making in reality is the need to capture sufficient heterogeneity, as well
as complexity, to accurately reflect the question and context at hand, with the availability of reliable
data to parameterise models, as well as models and their conclusions being well understood and
adopted by decision makers, and their outcomes being sufficiently specific, but not too specific to be
applied in view of the realities of implementation contexts.

6.3.4

Static models and downstream effects of interventions

As stated throughout the Research Papers, use of static models limits the assessment of the effect of
an intervention (in this case PrEP) to the population for whom risk is being assessed. Static models
do not capture the downstream effects of interactions between populations and therefore cannot
make deductions about the effect of PrEP being taken by a high-risk woman on infections averted in
their partner populations. In fact, all three Research Papers (including Research Paper 2 which
compares the outcomes of static and dynamic models) do not assess secondary infections averted in
partner and wider population groups as a result of PrEP for high-risk women. This is a limitation as
deductions are made only on the basis of assessing primary, rather than secondary, or even tertiary
infections prevented.
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6.3.5

Data availability

A significant challenge and limitation in parametrising the models in all three Research Papers has
been the availability, as well as age, of data. Much sexual behaviour data is limited by being selfreported and therefore subject to under-reporting47,48. Many national surveys (such as demographic
health surveys) report important data categorically (e.g percentage of women who have 2+ partners
in the last 12 months49), making it difficult to derive meaningful parameter ranges (e.g. in this case,
the of the numbers of partners over the last 12 months). Data is not always available disaggregated
by the three female general population groupings used in Research Paper 3 for all parameters and all
countries. For example, in Research Paper 3, data to parametrise Zimbabwean AGYW’s number of
sex acts a year with both partner groups had to be parameterised using South African data, due to
lack of data availability for their Zimbabwean counterparts.
Data to parameterise key populations, in this case FSW, is limited by age, as well as under- reporting
in all three implementation contexts explored. The population most challenging to parametrise are
the clients of sex workers, as there is very little data on them as a distinct group in these contexts. As
such, data gaps were filled by relying on data from long-distance truck drivers and male migrant
worker populations, population groups which are known clients of FSW in these settings50,51.
PrEP programme cascade data, in particular retention and adherence data is limited by availability in
SSA for women, especially non-FSW general population groups. At the time of undertaking research
for the first Research Paper, no data were available for women relating the numbers of weekly PrEP
doses to levels of HIV risk reduction, so data for MSM and TGW was relied on in the model
interpretation, which has since been shown to be unrealistic, since women require higher levels of
PrEP drug levels to achieve the same levels of HIV risk reduction as men52. To date, there is still not
the same level is disaggregation available for women, as for men, relating number of daily PrEP
tablets to levels of HIV risk reduction. Also, at the time of undertaking Research Paper 1, no data
were available relating PrEP cascade factors in general to levels of HIV risk reduction for female
populations (other than the early RCTs which were stopped early for futility, assumed owing to lack
of adherence53). Accordingly, the model accounted only for levels of HIV-risk reduction, assumed to
be associated with unknown levels of PrEP adherence, but in nomenclature this also should have
referred to other programme cascade factors including retention and uptake.
Finally, data for fitting models to HIV prevalence and incidence is limited by age, in particular in
Kenya. As the population-based HIV impact assessment (PHIA) surveys54 are further rolled out over
the coming years across countries in SSA, updated data will become available. Altogether the
challenges in availability and them being up-to-date limits the accuracy of the model results.
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6.4

Key area not addressed through research: structural factors

Role of structural factors in HIV prevention for high-risk women in SSA
Structural factors are important drivers of HIV in women in sub-Saharan Africa. At a macro-level
these drivers arise due to harmful social and economic policies and conditions, cultural norms,
religious practices, political and legal factors55,56. At community-level these drivers affect women’s
access to education, economic opportunities and healthcare, affect societal gender norms,
perpetuate stigma and lead to power imbalances between men and women55,56. At an individual
level, these factors contribute to HIV acquisition through women engagement in transactional sex
and sex work, gender-based violence, lack of agency to negotiate partner selection and sex, safe sex,
uptake of health and HIV prevention services and interventions (such as condoms or PrEP, or the
treatment of STIs)55,56.
It is incredibly difficult to assess the contribution of structural factors to HIV transmission, or indeed
the relative contribution of structural factors versus other behavioural and epidemiologic risk
factors. Researchers including Remme et al57,58, Shannon et al59 and Cluver et al60,61 have done some
impressive, formative work to assess the potential impact of one or more concurrent structural
interventions to address predominantly individual-level as well as community-level structural drivers
of HIV women (including cash transfers, gender empowerment programmes, free school meals,
violence reduction programmes) across a spectrum of women at high HIV risk, including AGYW and
FSW. Their studies report the potential impact and cost-effectiveness of such interventions
according to epidemic context, as well as the multiplicative impact and cost benefits of more than
one structural intervention concurrently implemented. They note the additive impact of these
interventions on outcome and impact indicators of importance to other development sectors
prioritized in the SDGs62, such as education, economic development and social protection, or to
other sectors within health, including sexual and reproductive health, mental health, and a wide
range of communicable diseases57–61.
At present, the majority of normative core HIV prevention interventions focus on biomedical
approaches (such as VMMC, ART, PEP, condoms, harm reduction services), including the mainstay of
UNAIDS’s five pillar programmes of HIV prevention63, with PrEP being the newest addition. In the
policy space, it is comparatively easier to justify HIV prevention funding for biomedical rather than
structural interventions, as their effect on individual HIV risk is well documented, their effect
typically easier to quantify through intervention trials, and they tend to be more straightforward to
implement64–67. When rolled out at wide scale through implementation programmes, the impact of
biomedical interventions can be more directly measured over short time horizons (e.g. VMMC
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performed, condoms delivered, viral suppression due to ART), making them easier for international
donors and domestic politicians to justify to their funders and funding bases64–67. By contrast,
structural interventions to affect macro-level policy and cultural change can take many years, and
their effect difficult to attribute and quantify55,56. Indeed, the majority of donor financing for HIV is
spent on biomedical interventions68,69. However, biomedical interventions tend address the
proximate symptoms of the drivers of HIV, not their upstream causes.
Through my time spent working on HIV prevention programmes in Kenya and South Africa, as well as
through keen interest in the literature, it has been my overwhelming sense that structural factors,
have perhaps the greatest influence on HIV acquisition among women in SSA. However, as a policy
maker, I have repeatedly felt under-equipped with concrete, numerical evidence to make the case
for the importance of addressing structural factors and for structural programmes to be scaled up at
global, national and local levels.
If I were to undertake research again to address the disproportionate HIV incidence among women
across a spectrum of risk in SSA using mathematical modelling, I would therefore focus on structural
factors where there is a comparative paucity of evidence55. Specifically, I would aim to contribute to
quantification of the effect of structural factors at macro-, community- and individual-levels on HIV
transmission, as well as the potential impact and cost-effectiveness of structural interventions to
address these drivers, looking across the HIV, health and wider development sectors in assessing the
contribution of structural interventions to broader global development goals62. I would especially
focus on interventions to address macro-level factors, since these are the origin of structural drivers
down to individual level55 and have been comparatively under-explored compared to individual- and
community-level drivers55,67,66. Modelling could also be used to assess the complementarity of
structural interventions to support and enhance the use of PrEP to address HIV risk among women
across a spectrum of risk in SSA.
This modelling could be done in conjunction with trials or demonstration projects, or as standalone
research, by algebraically characterising the effect of structural interventions upon relevant parts of
the HIV risk equation and prevention cascade, as well as equivalent risk equations and cascades for
the health and cross-sectoral outcomes under exploration. For example, in the case of HIV, certain
structural interventions could be considered to act upon condom use, the rate of partner change,
the basic risk of transmission (e.g. if it reduces the risk of physiological trauma through
intercourse70), the prevalence of HIV and STIs in partner populations (e.g. if it affects the population
from which partners are drawn), and PrEP programme cascade metrics (e.g. uptake, retention and
adherence). In the absence of empirical data to parametrise models, potential impact ranges for
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structural interventions could be derived by simulating parameters across data ranges elicited
through expert opinion71–73. Considering the outcomes of Research Chapter 2, if this research were
applied to contexts where the underlying epidemics are stable among relevant partner populations,
and the structural interventions deemed to affect change over shorter time horizons (such as
through individual-level empowerment programmes, which have demonstrated behavioural changes
over a number of months55), this modelling could be undertaken using static risk equations.
Otherwise, and especially for structural interventions that affect change of longer time horizons
(such as certain legal or policy changes55), dynamic models will be more appropriate.
Having done so, I would then be able to equip myself with a stronger evidence for making the
appropriate case in my work for the prioritization of resources for interventions to address macro-,
community- and individual-level structural factors, through the HIV sector, as well as in conjunction
with other sectors, to address the unacceptably high burden of HIV incidence among women in SSA,
as well as in other populations and geographies globally.
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6.5

Areas for further research

Considering the aims and results of this thesis’s research, its limitations and the outlined area of
research not addressed by this thesis, the following are suggested areas for further research. These
areas of research are grouped as research to inform HIV policy making and PrEP programming, and
research to inform methods.

Research to inform HIV policy making and PrEP programming
-

The dynamic model formulation set out in Research Paper 2 could be refined to assess the
potential effects of community behavioural disinhibition following the introduction of PrEP for
high-risk women in SSA. Whilst community-level behavioural disinhibition has thus far only been
reported in MSM communities2, the fact that few PrEP OLE, demonstration and implementation
projects among women in SSA have been completed and reported results to date, means this
cannot be ruled out as a potential consequence of PrEP introduction for women across a
spectrum of risk in SSA.

-

The potential effects of behavioural disinhibition in relation to strategies for intermittent (rather
than daily) PrEP use among women at high risk of HIV in SSA could be explored using either the
static or dynamic model outlined in Research Papers 1 and 2, depending on whether the
timeframe for evaluation is up to 5 years, or longer.

-

The South Africa, Zimbabwean and Kenyan case studies outlined in Research Paper 3 could be
further refined with in-country policy makers in the context of country-specific HIV prevention
or PrEP budgets, considering the actual scope for PrEP cost-reduction through economies of
scale, the potential for PrEP integration into a wide range of national services and at community
level, and relevant contextual, political and cultural factors in order to finalise in-country
strategies for PrEP scale-up.

-

The methods outlined in Research Paper 3 could be used to assess strategies for PrEP scale-up
in other country contexts or across other populations at risk of HIV. This could be undertaken by
policy makers, requiring only limited support from modellers. The models could be applied
across contexts with greater population and geographic heterogeneity to evaluate PrEP scale-up
across more narrowly defined risk groups and geographic locations.

-

The methods outlined in Research Paper 3 could also be applied to assess strategies for the
scale-up of newer, long-acting PrEP formulations, such as microbicides, injections and implants.
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Given that longer-acting formulations intend to improve PrEP program outcomes by
strengthening critical stages of the PrEP cascade, such as uptake and retention74–76, it will be
important that these cascade stages are reflected in the model equations. The model equations
would need be adapted to include, for example, PrEP uptake, in addition to retention and useeffectiveness.

Research to inform methods
-

The static versus dynamic model comparison undertaken in Research Paper 2 could be repeated
in lower-HIV burden contexts, such as west and central Africa, or concentrated epidemic
settings, such as in the relevant Asian and eastern and central European settings, to assess the
broader epidemic conditions under which static models are sufficiently robust to inform policy
making around the introduction of a new HIV prevention intervention for populations at risk of
HIV.

-

The static versus dynamic model comparison undertaken in Research Paper 2 could be explored
in the context of declining epidemics in underlying population groups, for applicability to
current and future contexts where the epidemics are on a trajectory to decline. Extrapolating
the conclusions of Research Paper 2, I would hypothesise that the changing rates of HIV
prevalence in declining epidemics would mean that beyond short timeframes, dynamic models
are most appropriate for estimating the impact of new HIV interventions. However, this would
need to be confirmed through such research.

-

The mathematical properties of the static and dynamic models in Research Paper 2 could be
compared to further understand the differences in model limit behaviour. For example, the
basic reproduction number could be derived for the dynamic model based on first principles
and for the static model based the intuitive approach (as outlined in the section on static vs
dynamic models in the Background chapter) to determine the relationship between equilibria
states; compare what they highlight about epidemic control efforts; and understand the extent
to which the dynamic model is controlled by model parameters versus initial conditions.

-

The static versus dynamic model comparison undertaken in Research Paper 2 could be applied
to other infectious diseases, such as tuberculosis, where there is a more limited understanding
of transmission dynamics, and thus harder to meaningfully build and parameterise dynamic
transmission models. Should there be contexts in which static models are sufficiently robust to
inform policy making for these diseases, this information would support policy makers and
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modellers in building and adopting simpler models for decision making, which may be less data
and time intensive and therefore cheaper to devise, and more user friendly.
-

The role of model complexity could be explored in relation to other methodological attributes
considered in model development to inform HIV policy making. One such example would be to
explore the contexts in which discrete models are sufficiently robust in relation to their
continuous counterparts. This would be an interesting study, since simple discrete models (such
as those in the family of SIR models) can be evaluated using simple computing tools, such as
excel, by counting the number of individuals in each compartment after each time step.
Equivalent matched models evaluated in continuous time, however, require the use of more
advanced programming approaches, as well as adopting more complex methodological
approaches (such as advanced calculus), for model solving, with which policy makers may be
less comfortable. If such studies were undertaken across a range of model attributes, this would
allow for an overall framework to be developed to guide policy makers and modellers around
the minimum level of modelling complexity need to appropriately inform decision making in HIV
and beyond.

-

Rather than looking at the barriers to use of models to inform policy making from a model
structure point of view, research could be undertaken to explore the barriers and best-practice
approaches for effectively communicating models of all levels of complexity through
approaches that encourage policy maker understanding, ownership and uptake.

-

The results of Research Paper 2 could be further verified through other types of model
structural uncertainty analyses, for example by exploring whether further population
heterogeneity affects the Research Paper’s conclusions, e.g. by accounting for FSW regular
partners and boyfriends in addition to clients, as well as men and women in the general
population.

-

Modelling approaches could be developed to quantify of the effect of structural factors at
macro-, community- and individual-levels on HIV transmission, as well as the potential impact
and cost-effectiveness of structural interventions to address these drivers, particularly the
under-explored area of macro-level structural drivers. Impact and cost-effectiveness could
usefully be assessed beyond the HIV sector alone, across other health and non-health sectors,
to assess the contribution of structural interventions to broader global development goals62.
The models developed through this research could be adapted to assess the complementarity of
structural interventions to support and enhance the use of PrEP to address HIV risk among
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women across a spectrum of risk in SSA. This modelling could then be used to inform resource
allocation across sectors at global, national and sub-national levels.
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6.6

Conclusion

PrEP is likely to be of benefit in reducing HIV risk in women across a spectrum of HIV-risk in subSaharan Africa, even if reductions in condom use occur. This conclusion is made having accounted
for heterogeneities in women’s HIV risk factors and PrEP programme outcomes, including the low
levels of PrEP programme retention and adherence reported in studies. PrEP will be most costeffective for individuals at great HIV risk, such as FSW. However, it has potential to significantly
reduce the number of new infections at population-level if made widely available beyond those at
highest individual risk, including to women in the general population. Strategies for PrEP scale-up
will need to weigh the potential cost-effectiveness and population-level impact of PrEP with the
potential for PrEP integration into a wide range of national services and at community level, in order
to significantly bring down the costs and improve cost-effectiveness in resource-constrained
environments.
Static models can be sufficiently robust to inform policy making around the introduction of new HIV
prevention interventions in high HIV-burden settings over short-medium time horizon of up to 5
years, where underlying HIV epidemics have reached equilibrium. Over longer timeframes, and in
contexts where the underlying HIV epidemics are still evolving (other than over short time horizons
of less than a year), static models may under-emphasize situations of programmatic importance and
dynamic models will be more appropriate to guide decision making.
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Appendix 1: Ongoing, planned and completed PrEP OLE, demonstration and implementation
projects among women in Sub-Saharan Africa
Ongoing, Planned and Completed PrEP Open Label, Demonstration and Implementation Projects in Women in Sub-Saharan Africa
Sponsor/
Status
Trial/Project
Type/Category
Location
Population
Design/Key questions
Status
Funder
Details

HPTN 082:
Evaluation of daily
oral PrEP as a
primary prevention
strategy for young
African women: A
Vanguard Study
MTN-034/IPM
045/REACH

Wits RHI,
HPTN;
DAIDS,
NIAID, NIMH

Demonstration
Project

South Africa;
Zimbabwe

AGYW aged
16-25 years

The goal of this study is to evaluate whether HIVuninfected sub-Saharan African women ages 16-25 who
are at high risk for HIV infection will initiate PrEP and
achieve sufficient adherence using scalable adherence
support interventions to achieve HIV prevention benefits
from this promising biomedical prevention intervention.

Ongoing

MTN; IPM;
NIH; NIAID,
NIMH,
NICHHD

Clinical Trial

South Africa,
Kenya,
Zimbabwe,
Uganda

AGYW aged
16-17 years

Ongoing

EMPOWER
(Enhancing Methods
of Prevention and
Options for Women
Exposed to Risk)
Consortium

Wits RHI,
LSHTM;
USAID

Demonstration
Project

South Africa,
Tanzania

AGYW aged
16-24 years

IMPAACT 2009
(DAIDS ID 30020):
Pharmacokinetics,
Feasibility,
Acceptability and
Safety of Oral PreExposure
Prophylaxis for

International
Maternal
Pediatric
Adolescent
AIDS Clinical
Trials
(IMPAACT)
Network

Observational
study

Zimbabwe,
South Africa,
Malawi, Uganda

AGYW aged
16-24 years

Participants will be randomized to product sequence and
will use a silicone elastomer vaginal matrix ring (VR)
containing 25 mg of dapivirine (DPV) to be replaced each
month for a total period of 6 months of use, as well as take
oral emtricitabine/tenofovir (FTC/TDF) tablets daily for a 6
month product use period. The primary purpose of this
trial is to collect safety and adherence data over the course
of study product use. The study will also examine the
acceptability of the study products.
An initiative of STRIVE, a research consortium investigating
the social norms and inequalities that drive HIV, that
integrates violence prevention and combination
prevention, including PrEP. Aims to assess whether it is
feasible, acceptable, and safe to offer oral PrEP as part of a
combination prevention package that addresses genderbased violence (GBV) and HIV.
Parallel, observational cohort study of HIV-uninfected
pregnant adolescents and young women (aged 16-24). The
study is designed to characterize adherence over time
among women who initiate once daily oral PrEP during
pregnancy and continue in the first 6 months following
delivery, and to compare pregnancy outcomes among
women who take PrEP and women who decline PrEP
during the antenatal period.

Ongoing;
started June
2016.
Expected
completion
October
2018.
Ongoing;
started
January
2019.

Completed

Completed;
ended
December
2017.

Ongoing

Ongoing;
started
February
2019.
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Primary HIV
Prevention during
Pregnancy and
Breast Feeding in
Adolescents and
Young Women
POWER (Prevention
Options for Women
Evaluation Research)

CAPRISA 082:
Prospective Study of
HIV Risk Factors and
Prevention Choices
in Young Women in
KwaZulu-Natal,
South Africa
CAPRISA 084: A
demonstration
project of daily oral
PrEP as part of
sexual reproductive
health
services for young
women at high risk
of acquiring HIV in
KwaZulu- Natal
Gender-Specific
Combination HIV
Prevention for Youth
in High Burden
Settings (MP3Youth)

University of
Washington
ICRC,
Carnegie
Mellon,
DTHF,
Harvard U.,
KEMRI, RTI,
Wits RHI;
USAID
USAID;
CAPRISA

Demonstration
project

Kenya, South
Africa

AGYW aged
16-24; women
25-29 years

Assesses women’s preferences for using microbicides and
PrEP through demonstration projects with strategic pilots
of delivery strategies, first with oral PrEP. Project will
characterize choice, uptake, early adherence and identify
cost-effective delivery models, including assessment of
repeat HIV testing, decision-making within partnerships,
and the interface with reproductive health services.

Ongoing

Ongoing;
started July
2015.
Expected
completion
June 2020.

Observational
study

South Africa

AGYW aged
18-24; women
25-30 years

Observational study looking at: 1) demographics, 2) HIV
risk perception and behavioural assessment, 3)
acceptability assessment of expanded HIV prevention
options. Data on PrEP uptake, adverse events, usage,
barriers, PrEP cycling, adherence by pill count and drug
levels will be collected.

Completed

Completed;
study closed
February
2018.

USAID;
CAPRISA

Demonstration
project

South Africa

AGYW aged
18-24; women
25-31 years

This PrEP demonstration project will identify in two high
HIV burden districts in KwaZulu-Natal: who is likely to use
PrEP; how PrEP will be used (understanding pill taking
practices); barriers to consistent adherence; how PrEP will
change current behavioural practices for HIV prevention
(risk compensation); and what support and training is
required for service providers.

Completed

Completed;
study closed
November
2018.

NIH

Demonstration
Project

Kenya

AGYW,
adolescent
men

To evaluate the feasibility and acceptability of a genderspecific combination HIV prevention package for youth in
high burden settings. The study aims to pilot a combination
package of gender-specific interventions in western Kenya
in a mobile health delivery format using integrated services
delivery. Interventions include: Male-Specific Intervention
Package (HIV counselling and testing; facilitated linkage to

Completed

Completed;
study closed
April 2016.
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Church of Scotland
Demonstration
Project

Church of
Scotland
Hospital

Demonstration
Project

South Africa

Adolescent
girls, Pregnant
Women

PrEP
Implementation for
Mothers in
Antenatal Care
(PrIMA)

NIH, NIAID

Cluster
randomized
controlled trial

Kenya

Adolescent
women,
women,
serodiscordant
couples

3Ps for Prevention
Study (Perception,
Partners, Pills)

DTHF;
University of
Washington;
funded by
NIMH,
BMGF
PEPFAR,
BMGF, Nike
Foundation

Demonstration
project

South Africa

AGYW

Implementation
Project

Kenya, South
Africa, eSwatini,
Uganda,
Lesotho,
Tanzania,

AGYW

DREAMS

care for HIV-positive; condoms; VMMC); Female-Specific
Intervention Package (HIV counselling and testing;
facilitated linkage to care for HIV-positive;
contraception/family planning; PrEP; conditional cash
transfer).
Aims to recruit pregnant teenagers at their first ANC visit
and enrol them into comprehensive support program,
including PrEP, with the aim of improving outcomes for the
mothers and babies. Central focus will be assisting young
mothers to return to school, prevent acquisition of HIV and
postponing further pregnancies. Other adherence
strategies will be investigated as well.
This cluster randomized controlled trial aims to determine
the best model for optimized PrEP delivery in pregnancy by
using existing highly accessed MCH systems as a platform
for efficiently delivering PrEP to pregnant women.
Twenty ANC clinics in Western Kenya (Siaya and Homa Bay
counties) were randomized, ten to universal and ten to
targeted PrEP administration.
Overall, 4000 women will be enrolled (200 women per
clinic) and followed through nine months postpartum. The
primary outcome is HIV incidence at nine months
postpartum and additional outcomes (PrEP uptake, PrEP
continuation and adherence). We are also collecting data
on psychosocial factors that may influence uptake,
adherence, and retention, birth and infant outcomes,
partner HIV-status knowledge, and sexual behaviour
information.
Demonstration project in Masiphumilele (Cape Town)
assessing uptake to oral PrEP and effect of conditional
incentives based on drug levels on adherence to oral PrEP.
Through BMGF supplemental funding, PrEP demand
creation campaign is being developed with McCann South
Africa and PrEP uptake will be enumerated.
Partnership to reduce HIV infections among AGYW;
extends beyond health sector to address poverty, gender
inequality, sexual violence, lack of education; PrEP
implementation component included.

Planned

Planned.

Ongoing

Ongoing;
started in
May 2016.
Expected
completion
June 2020.

Ongoing

Ongoing;
started
February
2017.

Ongoing

Ongoing.
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Zambia,
Zimbabwe
Kenya

AGYW

Monitoring PreExposure
Prophylaxis in Young
Adult Women
(MPYA)

NIMH

Demonstration
Project

MSF AGYW PrEP
Demo Program

MSF

Open Label
Study

South Africa

AGYW

Choices For
Adolescent Methods
Of Prevention In
South Africa
(CHAMPS)
I-TECH DREAMS
Project

NIAID

Demonstration
Project

South Africa

AGYW,
Adolescent
Men

CDC/PEPFAR

Implementation
Project

Namibia

AGYW,
Pregnant
women

PrEP
Implementation in
Young Women and
Adolescent girlsDREAMS Innovation
Challenge (PrIYA)
UNICEF PrEP Demo
Program
PEPFAR

DREAMS
managed by
JSI

Implementation
Project

Kenya

UNITAID

Demonstration
Project
Implementation
Project

Brazil, South
Africa, Thailand
17 Countries in
SSA, 3 Asian, 2

PEPFAR

This protocol describes a longitudinal study of young
Kenyan women at high risk for HIV who will be offered HIV
pre-exposure prophylaxis (PrEP) for up to two years.
Adherence will be monitored in all women with the next
generation Wisepill; half will be randomized to receive
short message service (SMS) reminders. The technical
function, acceptability, cost, and validity of the next
generation Wisepill device coupled to SMS reminders will
be determined among this cohort of young Kenyan
women. Additionally, SMS will be used for longitudinal
assessment of risk perception and its alignment with PrEP
adherence.
Clinic-based SRH club for delivery of PrEP to young women
in Khayelitsha.

Ongoing

Ongoing;
started June
2016.
Expected
completion
May 2020.

Ongoing

CHAMPS consists of three pilot projects: three pilots:
MACHO interrogates adolescent men’s attitude to
circumcision; Pluspills investigates PrEP; UChoose
investigates preferred types of prevention utilizing
contraception as the surrogate in 16-17 year-old women.
I-TECH, International Training and Education Center for
Health at the University of Washington, is funded by
CDC/PEPFAR to implement a DREAMS- like intervention in
two regions of Namibia. The DREAMS-like intervention
includes provision of PrEP to 15-24 year old AGYW.

Completed

Ongoing;
started June
2017.
Completed;
still
providing
PrEP.

AGYW,
Pregnant
women

PrIYA is an implementation project to integrate delivery of
oral PrEP in Maternal and Child Health and Family Planning
clinics and to evaluate how to efficiently reach women who
might benefit from PrEP. PrIYA is funded through the
DREAMS Innovation Challenge.

Completed

Sexually active
adolescents
At risk
individuals

Combination HIV prevention interventions including oral
PrEP.
Provides PrEP to adults and adolescents at risk of HIV
infection.

Planned

Planned.

Ongoing

Ongoing.

Ongoing

Ongoing;
started
October
2017.
Expected
completion
February
2019.
Completed
March
2019.
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Caribbean, 1
European
Kenya

LVCT Health and
SWOP Kenya (IPCPKenya)

LVCT, SWOP;
WHO,
UNAIDS,
Georgetown,
LSHTM,
Imperial
College;
funded by
BMGF

Demonstration
Project

FSW (18 and
older), MSM
(18 and older),
young women
at high HIV risk
(15 -29)

Introduces PrEP to combination prevention interventions.
Feasibility study assessing consumer perceptions, cost,
delivery options, potential barriers and opportunities for
introduction and adherence completed. Acceptability
among target populations, cost, menu of combination
interventions and feasible delivery options established.
Delivers PrEP as part of combination prevention to 2,100
participants over 12 months in preliminary stages. The
project will define criteria for PrEP indication among
targeted populations, adherence strategies, health system
requirements and model impact of PrEP in Kenya.
To assess feasibility and usefulness of integrating TasP and
PrEP to combination prevention package offered to FSWs
in Benin; identify best way to successfully implement TasP
and PrEP in this setting and to ensure their adoption by
national policymakers as part of the HIV prevention
package for FSWs.
Two phase project including a formative research phase
followed by a prospective study of PrEP with TDF/FTC to
assess changes in HIV incidence and prevalence in FSW
followed at IHS, and Pikine, Mbao, Rufisque and
Diamniadio Health Centers over 12 months during the
implementation of PrEP and compare that to detailed
historical data in this population dating back to 1985.

Completed

Completed
October
2017.

Benin
Demonstration
Project with CHU de
Québec (Canada)

BMGF

Demonstration
Project

Benin

FSW

Completed

Completed;
still
providing
PrEP.

Senegal
Demonstration
Project with Reseau
Africain De
Recherche Sur Le
Sida, University of
Washington, and
Westat
The TAPS
Demonstration
Project

BMGF

Demonstration
Project

Senegal

FSW

Completed

Completed;
ended
December
2016.

BMGF

Demonstration
project

South Africa

FSW

Evaluates whether oral PrEP and immediate treatment can
be rolled out within a combination prevention and care
approach tailored to needs of 400 HIV-negative and 300
HIV-positive FSW. Study sites include Hillbrow and Pretoria.

Completed

FSW, AGYW

Seeks to enhance HIV treatment and prevention among
highway-based sex workers at 7 sites by increasing uptake
and frequency of testing, demonstrate acceptability and
feasibility of delivering PrEP, maximize retention in care,
promote timely initiation of ART for those eligible, and
maximize adherence to both ART and PrEP. The evaluation
will be in a representative population-based sample of

Completed

Completed;
no longer
providing
PrEP to
former
participants.
Completed.

Sisters Antiretroviral
therapy Programme
for Prevention of
HIV
–an Integrated
Response (SAPPHIre)

DFID; UNFPA

Demonstration
Project

Zimbabwe

228

LINKAGES Malawi

PEPFAR,
USAID
PEPFAR

Demonstration
Project
Implementation
Project

Malawi

FSW, MSM

Zimbabwe

Bridge to Scale
Implementation
Project (Jilinde
Project)

BMGF,
Jhpiego

Implementation
Project

Kenya

MSF Swaziland PrEP
Demonstration
Project

MSF

Demonstration
Project

eSwatini

FSW, Young
Women Who
Sell Sex, MSM,
TGW,
Adolescents,
Women, Men
Serodiscordant
Couples,
Pregnant
women
FSW, MSM,
AGYW,
Discordant
Couples,
General
population,
PWID
FSW, MSM,
TGW, TGM,
Adolescents,
Women, Men,
Serodiscordant
couples

Expanding Options
for HIV Prevention
Through Preexposure
Prophylaxis in
Hhohho Region,
Swaziland
(Sihlomile)

Heidelberg
Institute of
Public
Health;
Mylan

Demonstration
Project

eSwatini

SAUTI

USAID,
PEPFAR

Demonstration
Project

Tanzania

FSW, MSW,
MSM,
TGW, AGYW,
Adolescent
Men, High Risk
Women &
Men,
Serodiscordant
couples
FSW,
Serodiscordant
couples,

Pangaea SHAZ! Hub
Drop-in Centre

2,800 sex workers, with an estimated 1,000 to 1,500
targeted to take PrEP, after 18 months.
TBD

Ongoing

Ongoing.

This is a youth drop-in centre based in Chitungwiza (30km)
from the capital, Harare. The site also serves as a research
site.

Ongoing

Ongoing.

This project aims to outline and demonstrate an effective
model for Pre- exposure Prophylaxis (PrEP) scale-up as an
HIV-prevention intervention in low-resource settings.

Ongoing

Ongoing;
started
November
2016.

This study is working to expand the evidence base related
to the feasibility, acceptability, and tolerability of daily oral
pre-exposure prophylaxis (PrEP) among key populations in
Eswatini.

Ongoing

An 18-month observation cohort study with the overall aim
to assess the operationalization of oral Pre-exposure
prophylaxis (PrEP) in Swaziland as an additional HIV
combination prevention method among population groups
and individuals at high risk of HIV infection.

Ongoing

Ongoing;
started
September
2017.
Results
expected
June 2019.
Ongoing;
started
August
2017.
Expected
completion
January
2019.

The aim of the proposed project is to generate data on the
implementation models, uptake, feasibility and
acceptability HIV self-testing and PrEP in Tanzania through

Ongoing

Ongoing;
started
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partners of
FSW

LINKAGES Swaziland:
Providing Access to
HIV Pre Exposure
Prophylaxis (PrEP)
for those at High
Risk in Swaziland

PEPFAR,
USAID

Demonstration
Project

eSwatini

FSW, Women,
Men, MSM,
TGW, TGM,
AGYW,
Adolescent
men,
Serodiscordant
couples

Technical Support to
Enhance HIV/AIDS
Prevention and
Opportunities in
Nursing Education
(TSEPO)
Partners
Demonstration
Project

USAID

Implementation
Project

Lesotho

High Risk
Individuals

NIMH/NIH,
USAID and
BMGF

Demonstration
Project

Kenya, Uganda

Men, Women,
Serodiscordant
Couples

PrEP Operational
Research Project

MSF

Demonstration
Project

Mozambique

MSM, FSW

EQUIP PrEP Demo in
Namibia

TBD

Demonstration
Project

Namibia

MSM, PWID,
FSW

community services provision to inform future policy and
program development. The project goal is to achieve the
UNAIDS first 90, and ensure populations with high risk of
acquiring HIV remain negative. This project will target
KVPs in selected areas.
Rates of HIV remain high among women in general, as well
as key populations such as, adolescent and young women,
FSW and men who have sex with men. PrEP for HIV
prevention represents a new option for those at high risk
and vulnerable to HIV infection to protect themselves from
HIV. This study proposes to offer PrEP to key populations
and people at high risk of HIV infection through existing
service platforms through a demonstration project to
determine whether it can be scaled up in a national
programme.
TBD

October
2017.

Ongoing

Ongoing;
started June
2017.
Expected
completion
January
2019.

Ongoing

Ongoing.

Evaluates HIV prevention preferences among
approximately 1,000 HIV serodiscordant couples,
adherence to PrEP and ART and interface of reproductive
health priorities and ART-based prevention. Will
implement PrEP as “bridge” to ART, providing PrEP to HIVnegative partner until the HIV- positive partner has
initiated ART.
Operating in the "corridor," a busy trade route frequented
by truckers that runs through Mozambique, Malawi, and
Zimbabwe. MSF is providing HIV
screening and care to sex workers, drivers, and MSM in the
region.

Completed

Completed.

Ongoing

EQUIP has launched a PrEP demonstration project
specifically focused on treatment approaches that
effectively respond to Key Population needs and support
Test & Start services.

Ongoing

Ongoing;
started in
2016.
Expected
completion
October
2018.
Ongoing.
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SEARCH (Sustainable
East Africa Research
in Community
Health)
Seasonal Use of PrEP
in Mozambique Short course preexposure
prophylaxis (PrEP)
for female partners
of migrant miners in
the Gaza Province of
Mozambique

BMGF

Demonstration
Project

Kenya, Uganda

People at high
risk of HIV

This is the PrEP extension of the SEARCH study which is
underway in over 320,000 participants in Kenya and
Uganda.

Ongoing

BMGF
through
WHO

Demonstration
Project

Mozambique

Women

The overall aim of the proposed study was to assess the
feasibility and acceptability of providing short term daily
oral PrEP (once daily FTC/TDF 200mg/300mg) as a potential
HIV prevention tool to HIV-negative female partners of
male miners in Gaza Province, Mozambique. Additional
objectives were also to identify facilitators and barriers to
uptake and adherence with short term once daily PrEP for
HIV prevention among female partners of miners; to assess
safety of PrEP use in terms of adverse events requiring
discontinuation of PrEP and social harms; to evaluate
effect of PrEP on sexual behaviours among participants and
to assess correlation between self- reported adherence,
adherence measured by pill count and drug level.

Completed

Ongoing;
recruitment
began April
2017.
Completed
in 2017.

Table S1: Ongoing, Planned and Completed PrEP Open Label, Demonstration and Implementation Projects in Women in Sub-Saharan Africa.
For all ongoing, planned or completed PrEP open label demonstration and implementation projects for women in sub-Saharan Africa, the table set out the study name, sponsor/ funder, project
type, population, key study questions and project status. The table does not include studies for women classified within the populations of people who in inject drugs (PWID) and
serodiscordant couples. The following acronyms are used: FSW = female sex worker, MSM = men who have sex with men, AGYW = adolescent girls and young women, TGW = transgender
women, TGM = transgender men, TasP = treatment as prevention. The table is reproduced from AVAC (May 2019 list – latest available in October 2019)1.
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Supplementary Methods

The HIV risk from a single partner population to FSW with consistency of condom use 𝛾𝛾1 , adhering to

PrEP at level 𝛼𝛼 is given by:

𝑚𝑚

𝑛𝑛

𝜋𝜋(𝛾𝛾1 , 𝛼𝛼) = 1 − �𝑝𝑝� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑝𝑝)�

S1

In the absence of PrEP(𝑖𝑖. 𝑒𝑒 𝛼𝛼 = 0) the HV risk equation (S1) becomes
𝑚𝑚

𝑛𝑛

𝜋𝜋(𝛾𝛾0 , 0) = 1 − �𝑝𝑝� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑝𝑝)�

S2
S52

It is more beneficial to take PrEP as a supplementary prevention method if the condition 𝜋𝜋(𝛾𝛾1 , 𝛼𝛼) <

𝜋𝜋(𝛾𝛾0 , 0) is satisfied, which simplifies to
𝑛𝑛

𝑚𝑚

�𝑝𝑝� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑝𝑝)�

𝑛𝑛

𝑚𝑚

< �𝑝𝑝� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑝𝑝)�

S3

From equation (S3), the condition for PrEP to be beneficial in terms reducing HIV risk is given by
(1 − 𝜀𝜀𝛾𝛾1 )
< (1 − 𝑏𝑏𝛼𝛼 )
(1 − 𝜀𝜀𝛾𝛾0 )

S4

The introduction of PrEP will therefore be of significance if the relative HIV risk reduction factor due
to condom use after the introduction of PrEP is less than the HIV risk reduction afforded by PrEP.
Equation (S4) can also be arranged to give:

𝑏𝑏𝛼𝛼 >

𝜀𝜀(𝛾𝛾0 − 𝛾𝛾1 )
(1 − 𝜀𝜀𝛾𝛾1 )

S5
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Equation (S5) gives us the level of effectiveness that must be attained for PrEP to be of benefit in
reducing HIV risk, considering any change in condom consistency. We also note from equation (S5)
that the risk reduction for PrEP to be beneficial at any level of adherence 𝛼𝛼 > 0 happens at 𝛾𝛾0 = 𝛾𝛾1 :
condom consistency remains unchanged. It is independent of the number of partners, sex acts and
partner HIV prevalence.
From equation (S5) we derive the critical PrEP effectiveness corresponding to critical adherence
level 𝛼𝛼 ∗ , which serves as the break-even point for beneficence of PrEP for HIV prevention with

regard to any change in condom consistency:

𝑏𝑏𝛼𝛼∗ =

𝜀𝜀(𝛾𝛾0 − 𝛾𝛾1∗ )
(1 − 𝜀𝜀𝛾𝛾1∗ )

S6

Considering the extreme scenario of 100% condom migration on PrEP, this intervention will not
increase HIV risk for FSWs as long as the achieved effectiveness of PrEP exceeds that of condoms at
the consistency prior to PrEP introduction:
𝜀𝜀𝛾𝛾0 < 𝑏𝑏𝛼𝛼 ≤ 1

S7

This can also be seen as the condition under which PrEP will always be beneficial as an additional
HIV prevention approach in reducing HIV risk.

Simple rearrangement of equation (S6) gives the break-even value of condom consistency after
introduction of PrEP such that HIV risk is not increased:
𝛾𝛾1∗ =

(𝜀𝜀𝛾𝛾0 − 𝑏𝑏𝛼𝛼 )
𝜀𝜀(1 − 𝑏𝑏𝛼𝛼 )

S8

Extension of the simple HIV risk equations (S1) and (S2) to consider the case of two partner
populations gives the refined HIV risk using PrEP and condoms as:
𝑚𝑚𝑐𝑐

𝑛𝑛𝑐𝑐

Π(𝛾𝛾1 , 𝛼𝛼) = 1 − �𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑐𝑐 )(1 − 𝑏𝑏𝛼𝛼 )�

+ (1 − 𝑝𝑝𝑐𝑐 )�

𝑛𝑛𝑟𝑟

∗ �𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑟𝑟 )(1 − 𝑏𝑏𝛼𝛼 )�

𝑚𝑚𝑟𝑟

+ (1 − 𝑝𝑝𝑟𝑟 )�
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S9
And in the absence of PrEP (i.e. 𝛼𝛼 = 0):
𝑛𝑛𝑐𝑐

Π(𝛾𝛾0 , 0) = 1 − �𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0c )�

𝑚𝑚𝑐𝑐

+ (1 − 𝑝𝑝𝑐𝑐 )�

𝑛𝑛𝑟𝑟

∗ �𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0r )�

𝑚𝑚𝑟𝑟

+ (1 − 𝑝𝑝𝑟𝑟 )�

S10

Returning to the case of a single partner population, the simple HIV risk equations (S1) and (S2) can
also be extended to account for the increased risk of HIV transmission resulting from exposure to
STIs. For a FSW using PrEP and condoms, their HIV risk is refined to:
𝑛𝑛

𝑛𝑛

𝜋𝜋(𝛾𝛾1 , 𝛼𝛼) = 1 − �𝑠𝑠𝑠𝑠� 1 − 𝛿𝛿𝛿𝛿(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑠𝑠)𝑝𝑝� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1
𝑚𝑚

− 𝑝𝑝)�

S11

And in the absence of PrEP:
𝑛𝑛

𝑛𝑛

𝑚𝑚

𝜋𝜋(𝛾𝛾0 , 0) = 1 − �𝑠𝑠𝑠𝑠� 1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑠𝑠)𝑝𝑝� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑝𝑝)�

S12

PrEP is thus beneficial in reducing HIV risk, considering possible changes in condom use and
increased exposure to STIs, if 𝜋𝜋(𝛾𝛾1 , 𝛼𝛼, 𝛿𝛿) < 𝜋𝜋(𝛾𝛾0 , 0, 𝛿𝛿), which simplifies as:
𝑛𝑛

𝑛𝑛

𝑠𝑠� 1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑠𝑠)� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )�
𝑛𝑛

𝑛𝑛

< 𝑠𝑠� 1 − 𝛿𝛿𝛿𝛿(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑠𝑠)� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )�

S13

Finally equations (S11) and (S12) are extended to account for both FSW partner populations,
considering exposure to STIs. HIV risk using PrEP and condoms is then:
𝑛𝑛𝑐𝑐

+ (1 − 𝑠𝑠)𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑐𝑐 )(1 − 𝑏𝑏𝛼𝛼 )�

𝑛𝑛𝑟𝑟

+ (1 − 𝑠𝑠)𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑟𝑟 )(1 − 𝑏𝑏𝛼𝛼 )�

Π(𝛾𝛾1 , 𝛼𝛼, 𝛿𝛿) = 1 − �𝑠𝑠𝑝𝑝𝑐𝑐 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾1𝑐𝑐 )(1 − 𝑏𝑏𝛼𝛼 )�
𝑚𝑚𝑐𝑐

+ (1 − 𝑝𝑝𝑐𝑐 )�

∗ �𝑠𝑠𝑝𝑝𝑟𝑟 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾1𝑟𝑟 )(1 − 𝑏𝑏𝛼𝛼 )�
𝑚𝑚𝑟𝑟

− 𝑝𝑝𝑟𝑟 )�

𝑛𝑛𝑐𝑐

𝑛𝑛𝑟𝑟

+ (1
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S14
And in the absence of PrEP given by:
Π(𝛾𝛾0 , 0, 𝛿𝛿) = 1 − �𝑠𝑠𝑝𝑝𝑐𝑐 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0𝑐𝑐 )�

𝑛𝑛𝑐𝑐

𝑛𝑛𝑟𝑟

∗ �𝑠𝑠𝑝𝑝𝑟𝑟 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0𝑟𝑟 )�

+ (1 − 𝑠𝑠)𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0𝑐𝑐 )�

𝑛𝑛𝑐𝑐

𝑛𝑛𝑟𝑟

+ (1 − 𝑠𝑠)𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0𝑟𝑟 )�

𝑚𝑚𝑐𝑐

+ (1 − 𝑝𝑝𝑐𝑐 )�

𝑚𝑚𝑟𝑟

+ (1 − 𝑝𝑝𝑟𝑟 )�

S15

Sensitivity analysis
For the sensitivity analysis exploring the case where the probability that at least one person in the
partnership has an STI, s, changes following the introduction of PrEP, we take 𝑠𝑠0 , to be the

probability that at least one person in the partnership has an STI prior to the introduction of PrEP
and 𝑠𝑠1 , to be the probability that at least one person in the partnership has an STI following the
introduction of PrEP.

In order to obtain conservative results in terms of change in condom consistency tolerated following
the introduction of PrEP, it is assumed that STIs are present in all partnerships where reductions in
condom consistency occur following the introduction of PrEP, and these STIs are transmitted
through the sex act if not already present in both partners. Therefore the probability that at least
one person in the partnership has an STI following the introduction of PrEP, 𝑠𝑠1 , will increase at the

same rate as the change in condom consistency tolerated for HIV risk not to increase on PrEP. In
other words, 𝑠𝑠1 = 𝑠𝑠0 ∗ �1 + (𝛾𝛾0 − 𝛾𝛾1 )�.

In order to undertake the sensitivity analyses, equations S11 to S15 are evolved as follows:

For a single partner population, accounting for the increased risk of HIV transmission resulting from
exposure to STIs, where the probability that at least one person in the partnership has an STI is
assumed to change in accordance with change in condom consistency, HIV risk using PrEP and
condoms (evolution of S11) is:
𝑛𝑛

𝜋𝜋(𝛾𝛾1 , 𝛼𝛼, 𝑠𝑠1 ) = 1 − �𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�𝑝𝑝� 1 − 𝛿𝛿𝛿𝛿(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1
𝑛𝑛

𝑚𝑚

− 𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�)𝑝𝑝� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1 − 𝑝𝑝)�

S16

And in the absence of PrEP (evolution of S12) is:
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𝑛𝑛

𝑚𝑚

𝑛𝑛

𝜋𝜋(𝛾𝛾0 , 0, 𝑠𝑠0 ) = 1 − �𝑠𝑠0 𝑝𝑝� 1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑠𝑠0 )𝑝𝑝� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑝𝑝)�

S17

PrEP is thus beneficial in reducing HIV risk, considering possible changes in condom use and
increased exposure to STIs, if (evolution of S13):
𝑛𝑛

𝑛𝑛

𝑠𝑠0 � 1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0 )� + (1 − 𝑠𝑠0 )� 1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0 )�

𝑛𝑛

< 𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�� 1 − 𝛿𝛿𝛿𝛿(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )� + (1
𝑛𝑛

− 𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�)� 1 − 𝛽𝛽(1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )�

S18

Considering both FSW partner populations, accounting for the increased risk of HIV transmission
resulting from exposure to STIs, where the probability that at least one person in the partnership has
an STI is assumed to change in accordance with change in condom consistency, HIV risk using PrEP
and condoms (evolution of S14) is:
Π(𝛾𝛾1 , 𝛼𝛼, 𝛿𝛿, 𝑠𝑠1 ) = 1

𝑛𝑛𝑐𝑐

− �𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�𝑝𝑝𝑐𝑐 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾1𝑐𝑐 )(1 − 𝑏𝑏𝛼𝛼 )�

𝑛𝑛𝑐𝑐

− 𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�)𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑐𝑐 )(1 − 𝑏𝑏𝛼𝛼 )�

𝑛𝑛𝑟𝑟

− 𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�)𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾1𝑟𝑟 )(1 − 𝑏𝑏𝛼𝛼 )�

𝑚𝑚𝑐𝑐

+ (1 − 𝑝𝑝𝑐𝑐 )�

𝑛𝑛𝑟𝑟

∗ �𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�𝑝𝑝𝑟𝑟 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾1𝑟𝑟 )(1 − 𝑏𝑏𝛼𝛼 )�

+ (1

+ (1

𝑚𝑚𝑟𝑟

+ (1 − 𝑝𝑝𝑟𝑟 )�
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And in the absence of PrEP (evolution of S15) is:
𝑛𝑛𝑐𝑐

Π(𝛾𝛾0 , 0, 𝛿𝛿, 𝑠𝑠0 ) = 1 − �𝑠𝑠0 𝑝𝑝𝑐𝑐 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0𝑐𝑐 )�
𝑛𝑛𝑟𝑟

∗ �𝑠𝑠0 𝑝𝑝𝑟𝑟 �1 − 𝛿𝛿𝛿𝛿(1 − 𝜀𝜀𝛾𝛾0𝑟𝑟 )�

+ (1 − 𝑠𝑠0 )𝑝𝑝𝑐𝑐 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0𝑐𝑐 )�
𝑛𝑛𝑟𝑟

+ (1 − 𝑠𝑠0 )𝑝𝑝𝑟𝑟 �1 − 𝛽𝛽(1 − 𝜀𝜀𝛾𝛾0𝑟𝑟 )�

𝑛𝑛𝑐𝑐

𝑚𝑚𝑐𝑐

+ (1 − 𝑝𝑝𝑐𝑐 )�
𝑚𝑚𝑟𝑟

+ (1 − 𝑝𝑝𝑟𝑟 )�
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Parameter

Symbol

Baseline value
References
(range: low riskhigh risk)

Sexual behaviour data
Proportion of client
partner population HIV
infected

𝑝𝑝𝑐𝑐

0.26 (0.23-0.29)

1

(Black African Men, 25-49,
South Africa)

Proportion of regular
partner population HIV
infected

𝑝𝑝𝑟𝑟

0.26 (0.23-0.29)

1

Initial condom consistency
with regular partners

𝛾𝛾0𝑟𝑟

0.1

Mid-point of (0.15-0.05) from
2
(main partnerships, per sex act,
Hillbrow)

Initial condom consistency
with clients

𝛾𝛾0𝑐𝑐

Varied across a
spectrum of
simulated
values in each
analysis, from
30% upwards

Probability at least one
person in the partnership
has an STI

𝑠𝑠

0.15 ( 0.15, 0.3)

3

Number of client partners,
per 3 month period

𝑛𝑛𝑐𝑐

105 (rounded)
(78-126)

2

Number of regular
partners, per 3 month
period

𝑛𝑛𝑟𝑟

1 (0.37-2)

3

Average number of sex
acts – per client, per 3
month period

𝑚𝑚𝑐𝑐

1 (1-1.2)

3

Average number of sex
acts – per regular partner,
per 3 month period

𝑚𝑚𝑟𝑟

24 (mid-point)
(12-36)

2

0.85 (0.90-0.80)

6

0.001
(0.00078,0.0019
9)

(basic risk male-to-female
peno-vaginal), 9(Per-act HIV-1
transmission probability 95% CI)

(Black African Men, 25-49,
South Africa)

(prevalence of Chlamydia
trachomatis & Neisseria
gonorrhoea in Hillbrow FSWs);
4
(FSW STI prevalence, Durban)
(mean monthly reported
number of clients per FSW,
Hillbrow; multiplied by 3)
(mean reported number of
current partners, rounded),
5
(number of main sexual
partners, FSWs Hillbrow)
(number of sexual encounters
per client, Hillbrow)
(mean monthly frequency of
sex acts in main partnerships,
Hillbrow; multiplied by 3)

Transmission Probabilities
Condom HIV risk reduction
efficacy per sex act
Probability of HIV
transmission, male to
female, through penovaginal sex

𝜀𝜀

𝛽𝛽

(with consistent use), 7(with
consistent use)
8
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Multiplicative increase in
per sex act probability of
HIV transmission in the
presence of an STI

𝛿𝛿

3.7 (2-6);

10

(combined study effectiveness
estimate across STDs, and range
spanning individual STD
combined study effect
estimates)

PrEP HIV risk reduction
effectiveness,
corresponding to
adherence level 𝛼𝛼

𝑏𝑏𝛼𝛼

0.35; 0.45; 0.55;
0.65; 0.75; 0.85;
0.95

Spanning spectrum of trial
estimates 11–15,16 corresponding
to varying levels of adherence

(see note below
table)

Table S1: Model parameter values.
The unbracketed numbers shown in the ‘base value’ column are the values that have been used to parameterise the model
for the base, or core, analyses of this study. The numbers shown in brackets represent the values used in the sensitivity
analyses looking at the outcomes for high and low risk FSW, with the left-hand bracketed value corresponding to the low
risk scenario and the right hand bracketed value corresponding to the high risk scenario.

Further notes to Table S1: Specifically, in the case of 𝒃𝒃𝜶𝜶 , a range of values were used in the base
analyses, to represent a spectrum of possible levels HIV risk reduction effectives achieved
corresponding to differing levels of PrEP adherence (𝜶𝜶).
In the single partner population analyses these values of 𝒃𝒃𝜶𝜶 were simulated in increments of 10%,
roughly spanning the range of HIV risk reduction estimated through the iPrEx OLE17 study, which

provides the most comprehensive evidence base available to date linking PrEP adherence to HIV risk
reduction through drug concentrations found in participants’ dried blood spots. The study reported
that:
-

An estimated drug dosing of <2 tables a week led to an estimated HIV risk reduction compared to
no adherence of 53%;

-

An estimated drug dosing of 2 to 3 tablets a week led to an estimated HIV risk reduction of 87%;
and

-

An estimated drug dosing of 4 to 6 tablets a week led to an estimated HIV risk reduction of 100%

However, noting that the iPrEx OLE study was conducted in a different study population (MSM and
transgender women) than considered in this study, we started 𝒃𝒃𝜶𝜶 from a slightly lower baseline of

35%.
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In the two partner population analyses, for simplicity three levels of 𝒃𝒃𝜶𝜶 were simulated: 55%, 75%

and 95%, roughly spanning the lower and upper values of 𝒃𝒃𝜶𝜶 observed in the iPrEx OLE study, as well
as the midpoint of these values.
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Supplementary Results
Single partner population, accounting for increased STI exposure
35% PrEP Effectiveness

𝜸𝟎
90%
85%
80%
75%
70%
50%
30%

% reduction
condom
consistency
tolerated
Base (LR, HR)
17% (-4%,4%)
21% (-4%,5%)
25% (-4%,5%)
31% (-5%,5%)
37% (-5%,6%)
73% (-7%,8%)
100% (0%,0%)

Change in
tolerance,
considering no
STI effect
Base (LR, HR)
0% (-4%,4%)
0% (-4%,5%)
0% (-4%,5%)
0% (-5%,5%)
0% (-5%,6%)
0% (-7%,8%)
0% (0%,0%)

45% PrEP Effectiveness
% reduction
condom
consistency
tolerated
Base (LR, HR)
25% (-6%,7%)
31% (-6%,7%)
39% (-7%,8%)
47% (-7%,8%)
56% (-8%,9%)
100% (0%,0%)
100% (0%,0%)

Change in
tolerance,
considering no
STI effect
Base (LR, HR)
0% (-6%,7%)
0% (-6%,7%)
0% (-7%,8%)
0% (-7%,8%)
0% (-8%,9%)
0% (0%,0%)
0% (0%,0%)

55% PrEP Effectiveness
% reduction
condom
consistency
tolerated
Base (LR, HR)
38% (-9%,10%)
47% (-9%,11%)
58% (-10%,11%)
69% (-11%,12%)
83% (-11%,13%)
100% (0%,0%)
100% (0%,0%)

Change in
tolerance,
considering no
STI effect
Base (LR, HR)
0% (-9%,10%)
0% (-9%,11%)
0% (-10%,11%)
0% (-11%,12%)
0% (-11%,13%)
0% (0%,0%)
0% (0%,0%)

65% PrEP Effectiveness
% reduction
condom
consistency
tolerated
Base (LR, HR)
57% (-13%,15%)
71% (-14%,16%)
87% (-15%,13%)
100% (-11%,0%)
100% (0%,0%)
100% (0%,0%)
100% (0%,0%)

Change in
tolerance,
considering no
STI effect
Base (LR, HR)
0% (-13%,15%)
0% (-14%,16%)
0% (-15%,13%)
0% (-11%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)

75% PrEP Effectiveness
% reduction
condom
consistency
tolerated
Base (LR, HR)
92% (-22%,8%)
100% (-8%,0%)
100% (0%,0%)
100% (0%,0%)
100% (0%,0%)
100% (0%,0%)
100% (0%,0%)

Change in
tolerance,
considering no
STI effect
Base (LR, HR)
0% (-22%,8%)
0% (-8%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)

85% PrEP Effectiveness
% reduction
Change in
condom
tolerance,
consistency considering no
tolerated
STI effect
Base (LR, HR) Base (LR, HR)
100% (0%,0%) 0% (0%,0%)
100% (0%,0%) 0% (0%,0%)
100% (0%,0%) 0% (0%,0%)
100% (0%,0%) 0% (0%,0%)
100% (0%,0%) 0% (0%,0%)
100% (0%,0%) 0% (0%,0%)
100% (0%,0%) 0% (0%,0%)

Table S2: Percentage reduction in condom consistency tolerated for HIV risk not to increase on PrEP, and corresponding decreased tolerance having accounted for the effect of STIs - for
various levels of PrEP effectiveness (𝒃𝒃𝜶𝜶 ) achieved and baseline condom consistencies (𝛾𝛾0 ).

For each level of PrEP effectiveness simulated, in the left-hand column, the table shows the % reduction in condom consistency tolerated, where STIs are accounted for in the HIV risk equations.
The results are shown for the base case parameterization of the model, as well as the boundary cases explored through the first sensitivity analysis of high and low risk FSW.
In the right hand side columns for each level of PrEP effectiveness simulated, the table shows the absolute difference in % reduction in condom consistency tolerated, in the case that STIs are
not accounted for in the HIV risk equations.
‘Base’ refers to the main calculated results undertaken using the baseline parameter values. HR stands for high risk and LR stands for low risk FSW, and the results calculated in the sensitivity
analysis for the boundary parameter cases. The results corresponding to the Base case where the effect of STIs are considered are shown graphically in Figure 2 in the main text.
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Single partner population, accounting for increased STI exposure
– Sensitivity analysis on STI prevalence following introduction of PrEP
35% PrEP Effectiveness

𝜸𝟎

90%
85%
80%
75%
70%
50%
30%

% reduction
condom
consistency
tolerated,
assuming STI
prevalence does
not change
Base

(LR, HR)

17%
21%
25%
31%
37%
73%
100%

(-4%,4%)
(-4%,5%)
(-4%,5%)
(-5%,5%)
(-5%,6%)
(-7%,8%)
(0%,0%)

Change in % reduction,
considering change in STI
prevalence post PrEP

Base
(Abs)
-2%
-3%
-3%
-5%
-6%
-16%
0%

Base
(LR,HR)
(Rel)
(Abs)
-12%
(-4%,-1%)
-15%
(-5%,-2%)
-12%
(-6%,-4%)
-16%
(-6%,-6%)
-16%
(-7%,-9%)
-22% (-14%,-25%)
0%
(0%,-9%)

45% PrEP Effectiveness

% reduction condom
consistency tolerated, Change in % reduction,
considering change in STI
assuming STI
prevalence post PrEP
prevalence does not
change

Base
25%
31%
39%
47%
56%
100%
100%

(LR, HR)
(-6%,7%)
(-6%,7%)
(-7%,8%)
(-7%,8%)
(-8%,9%)
(0%,0%)
(0%,0%)

Base
(Abs)
-3%
-4%
-6%
-8%
-10%
-16%
0%

Base
(LR,HR)
(Rel)
(Abs)
-12%
(-7%,-2%)
-13%
(-8%,-4%)
-16%
(-9%,-7%)
-17% (-10%,-11%)
-18% (-12%,-15%)
-16% (-12%,-31%)
0%
(0%,0%)

55% PrEP Effectiveness
% reduction
condom
consistency
tolerated,
assuming STI
prevalence does
not change
Base
38%
47%
58%
69%
83%
100%
100%

Change in % reduction,
considering change in STI
prevalence post PrEP

Base
(Abs)
(-9%,10% -5%
(-9%,11% -7%
(-10%,11% -10%
(-11%,12% -14%
(-11%,13% -18%
(0%,0%)
0%
(0%,0%)
0%
(LR, HR)

Base
(LR, HR)
(Rel)
-13% (-10%,-4%)
-15% (-12%,-8%)
-17% (-14%,-13%)
-20% (-16%,-18%)
-22% (-19%,-25%)
0%
(0%,-3%)
0%
(0%,0%)

65% PrEP Effectiveness
% reduction
condom
consistency
tolerated,
assuming STI
prevalence does
not change
Base
57%
71%
87%
100%
100%
100%
100%

Change in % reduction,
considering change in STI
prevalence post PrEP

Base
(Abs)
(-13%,15% -10%
(-14%,16% -14%
(-15%,13% -18%
(-11%,0% -19%
(0%,0%)
-5%
(0%,0%)
0%
(0%,0%)
0%
(LR, HR)

Base
(LR, HR)
(Rel)
-18% (-17%,-9%)
-20% (-19%,-16%)
-21% (-22%,-24%)
-19% (-20%,-28%)
-5% (-4%,-18%)
0%
(0%,0%)
0%
(0%,0%)

75% PrEP Effectiveness
% reduction
condom
consistency
tolerated,
assuming STI
prevalence does
not change
Base

(LR, HR)

92% (-22%,8%)
100% (-8%,0%)
100% (0%,0%)
100% (0%,0%)
100% (0%,0%)
100% (0%,0%)
100% (0%,0%)

85% PrEP Effectiveness
% reduction
condom
consistency
tolerated,
assuming STI
prevalence does
not change

Change in % reduction,
considering change in STI
prevalence post PrEP

Base
(Abs)
-20%
-12%
0%
0%
0%
0%
0%

Base
(LR, HR)
(Rel)
-22% (-28%,-22%)
-12% (-18%,-18%)
0%
(0%,-7%)
0%
(0%,0%)
0%
(0%,0%)
0%
(0%,0%)
0%
(0%,0%)

Base

HR

100%
100%
100%
100%
100%
100%
100%

(LR, HR)
(0%,0%)
(0%,0%)
(0%,0%)
(0%,0%)
(0%,0%)
(0%,0%)
(0%,0%)

Change in % reduction,
considering change in
STI prevalence post
PrEP

Base Base
(LR, HR)
(Abs) (Rel)
0% 0% (0%,0%)
0% 0% (0%,0%)
0% 0% (0%,0%)
0% 0% (0%,0%)
0% 0% (0%,0%)
0% 0% (0%,0%)
0% 0% (0%,0%)

Table S3: Percentage reduction in condom consistency tolerated for HIV risk not to increase on PrEP, without and with change in STI prevalence following introduction of PrEP.
For each level of PrEP effectiveness achieved two sets of results are presented. In the left hand columns, as comparison points for the sensitivity analysis, the left hand column repeat the results
for each PrEP effectiveness level (accounting for STIs) from Table S2 (in grey).
In the right hand columns, the results of the sensitivity analysis are presented, for the case that s changes following the introduction of PrEP in accordance with the reduction in condom
consistency observed. Compared to the original results from Table S2, the table shows the change in % reduction condom migration tolerated in absolute and relative terms from the Base case.
We also show the absolute % change for the boundary cases of Low Risk and High Risk FSW from the original Base case. (Abs) stands of absolute change and (Rel) stands for relative change.
‘Base’ refers to the main calculated results undertaken using the baseline parameter values. HR stands for high risk and LR stands for low risk FSW.
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% reduction in condom consistency
tolerated to get risk reduction of 50%

Two partner population, accounting for increased STI exposure
100%
80%
60%
b_α=55%
40%

b_α=75%
b_α=95%

20%
0%

90%

80%

70%

50%

30%

Initial condom consistency

Figure S1: Percentage reduction in condom consistency tolerated to get risk reduction of 50%.
Figure S1 shows the % reduction in condom consistency tolerated to get a risk reduction of 50% for three cases of PrEP effectiveness achiever: 55%, 75% and 95%, across a range of initial
condom consistencies from 30% - 90%. 𝑏𝑏𝛼𝛼 is the level of PrEP effectiveness achieved by a FSW. The results correspond to Table 1 in the main text, for the results accounting for STIs in the HIV
risk equations.
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Two partner population, accounting for increased STI exposure
In the case that condom consistency with regular partners is reduced from 10% to 0% following the introduction of PrEP

-

55% PrEP Effectiveness

75% PrEP Effectiveness

95% PrEP Effectiveness

% reduction in condom consistency with clients tolerated to get overall HIV risk reduction of
50%
𝜸𝟎

90%
80%
70%
50%
30%

90%

Accounting for Not accounting Accounting for Not accounting
STIs
for STIs
STIs
for STIs
Base (LR,HR) Base (LR,HR) Base (LR,HR) Base (LR,HR)
3% (-1%,-3%) 4% (-1%,2%)
5% (-1%,-4%) 5% (-1%,2%)
7% (-1%,-6%) 8% (-2%,2%)
14% (-1%,-13%) 15% (-2%,2%)
29% (-1%,-28%) 31% (-3%,0%)
-

50%

90%

Accounting for Not accounting Accounting for Not accounting
STIs
for STIs
STIs
for STIs
Base (LR,HR) Base (LR,HR) Base (LR,HR) Base (LR,HR)
54% (-26%,26%) 55% (-26%,39%)
73% (-29%,27%) 74% (-29%,26%)
98%
(*,*)
99%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
100%
(*,*)
-

50%
Accounting for
STIs
Base (LR,HR)
100% (*,*)
100% (*,*)
100% (*,*)
100% (*,*)
100% (*,*)

Not accounting
for STIs
Base (LR,HR)
100% (*,*)
100% (*,*)
100% (*,*)
100% (*,*)
100% (*,*)

90%
Accounting for Not accounting
STIs
for STIs
Base (LR,HR) Base (LR,HR)
54% (-25%,19%) 54% (-26%,37%)
73% (-28%,19%) 74% (-29%,26%)
97%
(*,*)
98%
(*,*)
100%
(*,*)
100% (*,*)
100%
(*,*)
100% (*,*)

Table S4: Maximum tolerated % reduction in condom consistency with clients to still achieve 50% or 90% reductions in HIV risk on PrEP, for different levels of PrEP effectiveness (𝒃𝒃𝜶𝜶 )
achieved and condom consistency with regular partners assumed to be zero.
For each level of PrEP effectiveness demonstrated, the table shows the % reduction in condom consistency that could be tolerated, from varying levels of initial condom consistency, to achieve
either 50% or 90% HIV risk reduction. The results are shown for both the case that STIs are accounted for in the HIV risk equations, as well as the case that they are not. The results are shown
for the base case parameterization of the model, as well as the boundary cases explored through the first sensitivity analysis of high and low risk FSW.
The difference in assumptions taken to calculate the results for Table S4 compared to Table 1 in the main text is that for Table S4, condom consistency with regular partners is assumed to
reduce from 10% to 0% following the introduction of PrEP, whereas in Table 1, condom consistency with regular partners is assumed to remain at 10% before and after introduction of PrEP.
𝒃𝒃𝜶𝜶 is the level of PrEP effectiveness achieved by a FSW. ‘–‘ indicates that achievement of the risk reduction is not possible. ‘*’ indicates full migration will still result in higher levels of risk
reduction. ‘Base’ refers to the main calculated results undertaken using the baseline parameter values. HR stands for high risk and LR stands for low risk FSW, and the results calculated in the
sensitivity analysis for the boundary parameter cases.
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Two partner population, accounting for increased STI exposure
-

Condom consistency with regular partners assumed to remain at 10% following the introduction of PrEP

-

Sensitivity analysis on STI prevalence following introduction of PrEP
55% PrEP Effectiveness

75% PrEP Effectiveness

95% PrEP Effectiveness

% reduction in condom consistency with clients tolerated to get overall HIV risk reduction of
50%
Initial
condom
consistency
90%
80%
70%
50%
30%

Change in % reduction,
considering change in STI
prevalence post PrEP

Base
6%
8%
10%
18%
37%

Base
(Abs)
-1%
-1%
-2%
-4%
-9%

(LR,HR)
(-3%,-3%)
(-3%,-5%)
(-3%,-6%)
(-4%,-13%)
(-6%,-29%)

50%

90%

Assuming STI
prevalence does
not change

Base
(LR,HR)
(Rel)
(Abs)
-14% (-3%,-4%)
-16% (-3%,-6%)
-18% (-4%,-8%)
-22% (-5%,-15%)
-26% (-9%,-33%)

Assuming STI
Change in % reduction,
prevalence
considering change in STI
does not
prevalence post PrEP
change
Base
Base (LR,HR)
(Rel)
(Abs)
Base (LR,HR) (Abs)
-

Assuming STI
prevalence does
not change

Base
(Abs)
Base
(LR,HR)
57% (-27%,26%) -12%
76% (-31%,24%) -18%
100%
(*,*)
-26%
100%
(*,*)
0%
100%
(*,*)
0%

50%

90%

Change in % reduction,
considering change in STI
prevalence post PrEP

Assuming STI
Change in % reduction,
prevalence does considering change in STI
not change
prevalence post PrEP

Base
(LR,HR)
(Rel)
(Abs)
Base
-21% (-29%,-11%) -24% (-34%,-21%) -26% (-41%,-33%) 0%
(0%,0%)
0%
(0%,0%)
-

(LR,HR)
-

Base
(Abs)
-

Base
(Rel)
-

(LR,HR)
(Abs)
-

Assuming STI
prevalence does
not change
Base
100%
100%
100%
100%
100%

(LR,HR)
(*,*)
(*,*)
(*,*)
(*,*)
(*,*)

90%

Change in % reduction,
considering change in STI
prevalence post PrEP
Base
(Abs)
0%
0%
0%
0%
0%

Base
(Rel)
0%
0%
0%
0%
0%

Assuming STI
prevalence does
not change

Change in % reduction,
considering change in STI
prevalence post PrEP

(LR,HR)
Base
(Abs)
Base
(LR,HR) (Abs)
(0%,0%) 56% (-27%,19%) -12%
(0%,0%) 75% (-29%,20%) -17%
(0%,0%) 100%
(*,*)
-26%
(0%,0%) 100%
(*,*)
0%
(0%,0%) 100%
(*,*)
0%

Base
(LR,HR)
(Rel)
(Abs)
-21% (-29%,-14%)
-23% (-33%,-24%)
-26% (-41%,-39%)
0%
(0%,-7%)
0%
(0%,0%)

Table S5: Maximum tolerated % reduction in condom consistency with clients (consistency with regular partners held constant) to still achieve 50% or 90% reductions in HIV risk on PrEP,
for different levels of PrEP effectiveness achieved, assuming STI prevalence does not change with the introduction of PrEP; and change in this % reduction in the case STI prevalence does
change with the introduction of PrEP.
For each of the three levels of PrEP effectiveness simulated, two sets of results are presented. In the left hand columns, as comparison points for the sensitivity analysis, the left hand column
repeats the results (accounting for STIs) from Table 1 in the main paper (in grey) – i.e. the two partner analysis where condom consistency with regular partners is assumed to be unchanged
(at 10%) following the introduction of PrEP.
In the right hand columns, the results of the sensitivity analysis are presented, for the case that s changes following the introduction of PrEP in accordance with the reduction in condom
consistency observed. Compared to the original results from Table 1, we show the change in % reduction condom migration tolerated in absolute and relative terms from the Base case. We
also show the absolute % change for the boundary cases of Low Risk and High Risk FSW from the original base case. (Abs) stands of absolute change and (Rel) stands for relative change. ‘Base’
refers to the main calculated results undertaken using the baseline parameter values. HR stands for high risk and LR stands for low risk FSW.
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Two partner population, accounting for increased STI exposure
-

In the case that condom consistency with regular partners is reduced from 10% to 0% following the introduction of PrEP

-

Sensitivity analysis on STI prevalence following introduction of PrEP
55% PrEP Effectiveness
50%
𝜸𝟎

90%
80%
70%
50%
30%

Assuming STI
prevalence does
not change
Base
3%
5%
7%
14%
29%

(LR,HR)
(-1%,-3%)
(-1%,-4%)
(-1%,-6%)
(-1%,-13%)
(-1%,-28%)

90%

Change in % reduction,
considering change in STI
prevalence post PrEP
Base
(Abs)
0%
-1%
-1%
-3%
-8%

75% PrEP Effectiveness

Base
(Rel)
-14%
-16%
-18%
-22%
-26%

(LR,HR)
(Abs)
(-1%,-3%)
(-1%,-5%)
(-2%,-7%)
(-2%,-13%)
(-4%,-29%)

Assuming STI
Change in % reduction,
prevalence does considering change in STI
not change
prevalence post PrEP

Assuming STI
prevalence does
not change

Base
(Abs)
-

Base
(LR,HR)
54% (-26%,26%)
73% (-29%,27%)
98%
(*,*)
100%
(*,*)
100%
(*,*)

Base
-

(LR,HR)
-

95% PrEP Effectiveness

% reduction in condom consistency with clients tolerated to get overall HIV risk reduction of
50%
90%

Base
(Rel)

(LR,HR)
(Abs)
-

Change in % reduction,
considering change in STI
prevalence post PrEP
Base
(Abs)
-11%
-17%
-26%
0%
0%

Base
(Rel)
-21%
-24%
-26%
0%
0%

(LR,HR)
(Abs)
(-28%,-10%)
(-32%,-20%)
(-39%,-33%)
(0%,0%)
(0%,0%)

Assuming STI
Change in % reduction,
prevalence does considering change in STI
not change
prevalence post PrEP
Base
-

(LR,HR)
-

Base
(Abs)
-

Base
(Rel)

(LR,HR)
(Abs)
-

50%

90%

Assuming STI
Change in % reduction,
prevalence does not considering change in STI
change
prevalence post PrEP
Base
100%
100%
100%
100%
100%

(LR,HR)
(*,*)
(*,*)
(*,*)
(*,*)
(*,*)

Base
(Abs)
0%
0%
0%
0%
0%

Base
(Rel)
0%
0%
0%
0%
0%

(LR,HR)
(Abs)
(0%,0%)
(0%,0%)
(0%,0%)
(0%,0%)
(0%,0%)

Assuming STI
prevalence does
not change
Base
(LR,HR)
54% (-25%,19%)
73% (-28%,19%)
97%
(*,*)
100%
(*,*)
100%
(*,*)

Change in % reduction,
considering change in STI
prevalence post PrEP
Base
(Abs)
-11%
-17%
-25%
0%
0%

Base
(Rel)
-21%
-24%
-26%
0%
0%

(LR,HR)
(Abs)
(-27%,-13%)
(-32%,-23%)
(-38%,-37%)
(0%,-10%)
(0%,0%)

Table S6: Maximum tolerated % reduction in condom consistency with clients (consistency with regular partners assumed to reduce to zero following the introduction of PrEP) to still
achieve 50% or 90% reductions in HIV risk on PrEP, for different levels of PrEP effectiveness achieved, assuming STI prevalence does not change with the introduction of PrEP; and change
in this % reduction in the case STI prevalence does change with the introduction of PrEP.
For each of the three levels of PrEP effectiveness simulated, two sets of results are presented. In the left hand columns, as comparison points for the sensitivity analysis, the left hand column
repeats the results (accounting for STIs) from Table S4 (in grey) – i.e. the two partner analysis where condom consistency with regular partners is assumed to reduce from 10% to 0% following
the introduction of PrEP.
In the right hand columns, the results of the sensitivity analysis are presented, for the case that s changes following the introduction of PrEP in accordance with the reduction in condom
consistency observed (as well as condom consistency with regular partners reducing from 10% to 0% following the introduction of PrEP). Compared to the original results from Table s4, we
show the change in % reduction condom migration tolerated in absolute and relative terms from the Base case. We also show the absolute % change for the boundary cases of Low Risk and
High Risk FSW from the original Base case. (Abs) stands of absolute change and (Rel) stands for relative change. ‘Base’ refers to the main calculated results undertaken using the baseline
parameter values. HR stands for high risk and LR stands for low risk FSW.
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Supplementary Methods

Model Structure

Static formulation of HIV risk
Consistent with our previous work,1 the static model of HIV risk takes the Bernoulli formulation,
where the probability of the HIV virus being transmitted through each sexual contact is treated as an
independent risk event. In our simplified population model, and to facilitate comparison between
the static and dynamic models, female sex workers (FSW) are assumed to have a single partner
population ‘male partners’, in which the proportion HIV infected is 𝑝𝑝. For simplicity, male partners

are characterised as clients, rather than other partner types (such as regular partners). For a given

time period, ℎ, FSW are assumed to have 𝐶𝐶𝑚𝑚 1 partners, with whom they have an average of 𝑛𝑛𝑚𝑚 sex
0F

acts each. ℎ is taken as 3 months, corresponding to the minimum period after which an individual on

PrEP must return to the provider to perform an HIV test to check for seroconversion (amongst other
indicators).2 We assume an average probability of HIV transmission, 𝛽𝛽𝑓𝑓 , per sexual contact with an
HIV infected male partner. It is assumed that all sex acts are peno-vaginal on the basis of available

epidemiological data for FSW in Hillbrow.3
To assess the effect of any change in condom consistency (average proportion of sex acts in which a
condom is used) following the introduction of PrEP, condoms are assumed to be used with
consistency 𝛾𝛾0 prior to PrEP introduction and 𝛾𝛾1 after its introduction. We assume condoms to have
an HIV risk reduction efficacy, 𝜀𝜀, including slippage and breakage. The exact relationship between

adherence and effectiveness of PrEP remains under investigation, especially for women.4 As such,
the equations assume an overall achieved level of ‘PrEP use-effectiveness’, 𝑏𝑏𝛼𝛼 , corresponding to a

given level of FSW PrEP adherence, 𝛼𝛼. In its most basic formulation, the Bernoulli model of HIV risk
to FSW is:

𝑛𝑛 𝑚𝑚

𝜋𝜋 = 1 − �𝑝𝑝 � 1 − 𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝐶𝐶𝑚𝑚

+ (1 − 𝑝𝑝)�

Where γ = γ0 before the introduction of PrEP, and γ1 after the introduction of PrEP.

1.1

1

Static model parameters are denoted subscripts - f (for female) and m (for male) - as relevant, for ease of comparability with parameters in
the dynamic model.
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To account for changes in HIV risk owing to increased sexually transmitted infection (STI) exposure
resulting through a decrease in condom consistency, it is assumed that 𝑠𝑠1 , the probability that at
least one person in the partnership has an STI following the introduction of PrEP, increases
proportionally to the absolute change in condom consistency; in other words 𝑠𝑠1 =

𝑠𝑠0 �1 + (𝛾𝛾0 − 𝛾𝛾1 )�, where 𝑠𝑠0 is the probability that at least one person in the partnership has an STI

prior to the introduction of PrEP. Parameter 𝛿𝛿 is the multiplicative increase in per sex act probability
of HIV transmission in the presence of an STI.

To account for antiretroviral (ART) coverage and male circumcision levels in this setting, 𝜗𝜗𝑚𝑚 is taken

as the proportion of HIV+ partners that are on ART and 𝜚𝜚 is the average reduction in the probability

of HIV transmission due to viral suppression on ART. The proportion of male population circumcised
is denoted by 𝜏𝜏 and 𝜎𝜎𝑓𝑓 is the average reduction in probability HIV transmission to women, when the
male partner has been circumcised.

Thus the HIV risk to a FSW, for a 3-month timestep, is given by the static model:
𝐶𝐶𝑚𝑚

𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1 − �𝑝𝑝𝜓𝜓𝑓𝑓 + 𝑝𝑝𝜔𝜔𝑓𝑓 + (1 − 𝑝𝑝)�
Or equivalently:

𝐶𝐶𝑚𝑚

𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1 − �1 + 𝑝𝑝(𝜓𝜓𝑓𝑓 + 𝜔𝜔𝑓𝑓 − 1)�
Where:

𝑛𝑛

(1 − 𝜗𝜗)𝑠𝑠 � 1 − 𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛
⎛
⎜ +(1 − 𝜗𝜗)(1 − 𝑠𝑠) � 1 − 𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�
𝜓𝜓𝑓𝑓 = (1 − 𝜏𝜏) ⎜
𝑛𝑛
⎜ +𝜗𝜗𝑠𝑠 � 1 − (1 − 𝜚𝜚)𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛

⎞
⎟
⎟
⎟

⎝+𝜗𝜗(1 − 𝑠𝑠) � 1 − (1 − 𝜚𝜚)𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)� ⎠
𝑛𝑛

(1 − 𝜗𝜗)𝑠𝑠 � 1 − (1 − 𝜎𝜎)𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛
⎛
(1
(1
)(1
+(1
−
𝜗𝜗)(1
−
𝑠𝑠)
�
1
−
−
𝜎𝜎)𝛽𝛽
−
𝑏𝑏
−
𝜀𝜀𝜀𝜀)�
𝑓𝑓
𝛼𝛼
⎜
and 𝜔𝜔𝑓𝑓 = 𝜏𝜏 ⎜
𝑛𝑛
⎜ +𝜗𝜗𝑠𝑠 � 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)�

𝑛𝑛

⎞
⎟
⎟
⎟

⎝+𝜗𝜗(1 − 𝑠𝑠) � 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛽𝛽𝑓𝑓 (1 − 𝑏𝑏𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)� ⎠
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With γ = γ0 before the introduction of PrEP, and γ1 after the introduction of PrEP;
s = s0 before the introduction of PrEP and s1 after the introduction of PrEP;

And s1 = s0 (1 + ( γ0 − γ1 )).

1.2

Dynamic formulation of HIV risk
The static model was evolved into dynamical system through difference equation structure, taking
the Bernoulli risk formulation (1.2) as the force of infection on FSW, and an equivalent Bernoulli risk
formulation of HIV risk as the force of infection on the male partner population. Here, the male
partner population, for the time period, ℎ, are assumed to have 𝐶𝐶𝑓𝑓 partners, with whom they have

an average of 𝑛𝑛𝑓𝑓 sex acts each. We assume an average probability of HIV transmission, 𝛽𝛽𝑚𝑚 , per

sexual contact with an HIV infected FSW partner. No male partners are assumed to be taking PrEP.
Parameter 𝜗𝜗𝑓𝑓 is the proportion of HIV positive FSW that are on ART and 𝜎𝜎𝑚𝑚 is the average reduction
in probability of HIV transmission to men, when the man himself has been circumcised.

The dynamic HIV compartmental model divides the population, of size N, into susceptible individuals
S and HIV infected individuals, I. Instead of a static HIV prevalence, 𝑝𝑝, for each population, the

dynamic model system allows prevalence to change over time as the proportion of HIV infected
individuals, 𝜆𝜆 = 𝐼𝐼/𝑁𝑁. The model is run from 1980 to 2035, with initial prevalence of HIV at the start

of the epidemic in 1980 of 𝑝𝑝𝑓𝑓0 in FSW and 𝑝𝑝𝑚𝑚0 in male partners. PrEP is introduced for FSW in 2015
under the Epidemic Equilibrium (i.e. steady state) scenario, and retrospectively in 1995 under the
Increasing Epidemic scenario where the HIV epidemics in FSW and their male partners are still
increasing (i.e. transient state).

The dynamic model system assumes an underlying population mortality rate 𝜇𝜇𝑓𝑓 and 𝜇𝜇𝑚𝑚 in FSW and

male partners respectively, as well as a rate of AIDS-related deaths of 𝜉𝜉𝑓𝑓 and 𝜉𝜉𝑚𝑚 in FSW and male
partners respectively. The rate of recruitment into both populations are taken as the population
growth rates 𝜃𝜃𝑓𝑓 and 𝜃𝜃𝑚𝑚 respectively.

As little is known about the rate of increase in condom consistency in these populations over time,
change in condom consistency from the start of the HIV epidemic is approximated by a linear
increase in consistency between 1980 and the year prior to the introduction of PrEP (2014 for the
Epidemic Equilibrium analyses, and 1994 for the Increasing Epidemic analyses).
To account for changes in ART coverage over time, in the dynamic model, ART coverage is taken to
be zero between 1980 and 2003. Linear scale up assumed from 2003, in line with the wide-scale
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introduction in South Africa5,6 in 2003, to levels in 2012 for male partners7 and 2014 for FSW8 (these
being the latest available data for each population to parameterise the model up to the final point of
fitting in 2014).
We account for changes in male circumcision levels in the context of the 2007 WHO and UNAIDS
guidance on scale up voluntary male circumcision levels for HIV prevention9 and the 2010 South
African government introduction of their VMMC policy and programme.7 Due to the limited data
availability on circumcision levels in Hillbrow (or by proxy, Gauteng, the South African Province in
which it lies), with national survey data only available for 200310 and 20127, we therefore assume
that circumcision levels are constant at 2003 levels between 1980 and 2003, and that they increase
linearly to 2012 levels and are constant thereafter (likewise as these are the latest available data to
parameterise the model up to the final point of model fitting in 2014).
The equations used for the dynamical system formulation are given by:

Force of infection to FSW from male partners
𝐶𝐶𝑚𝑚

Π𝑚𝑚 = 1 − �1 + 𝜆𝜆𝑚𝑚 (𝜓𝜓𝑓𝑓 + 𝜔𝜔𝑓𝑓 − 1)�
Where 𝜆𝜆𝑚𝑚 =

𝐼𝐼𝑚𝑚
𝑁𝑁𝑚𝑚

2.1

Force of infection to male partners from FSW
𝐶𝐶𝑓𝑓

Π𝑓𝑓 = 1 − �1 + 𝜆𝜆𝑓𝑓 (𝜓𝜓𝑚𝑚 + 𝜔𝜔𝑚𝑚 − 1)�
𝐼𝐼

Where 𝜆𝜆𝑓𝑓 = 𝑁𝑁𝑓𝑓 and:
𝑓𝑓

𝑛𝑛𝑓𝑓

�1 − 𝜗𝜗𝑓𝑓 �𝑠𝑠� 1 − 𝛿𝛿𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�

⎛ +�1 − 𝜗𝜗𝑓𝑓 �(1 − 𝑠𝑠)� 1 − 𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎞
𝜓𝜓𝑚𝑚 = (1 − 𝜏𝜏) ⎜
⎜ +𝜗𝜗 𝑠𝑠� 1 − (1 − 𝜚𝜚)𝛿𝛿𝛽𝛽 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎟
⎟
𝑓𝑓

𝑚𝑚

𝑛𝑛𝑓𝑓

⎝+𝜗𝜗𝑓𝑓 (1 − 𝑠𝑠)� 1 − (1 − 𝜚𝜚)𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)� ⎠
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𝑛𝑛𝑓𝑓

�1 − 𝜗𝜗𝑓𝑓 �𝑠𝑠� 1 − (1 − 𝜎𝜎𝑚𝑚 )𝛿𝛿𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�

⎛ +�1 − 𝜗𝜗𝑓𝑓 �(1 − 𝑠𝑠)� 1 − (1 − 𝜎𝜎𝑚𝑚 )𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎞
and 𝜔𝜔𝑚𝑚 = 𝜏𝜏 ⎜
⎜ +𝜗𝜗 𝑠𝑠� 1 − (1 − 𝜎𝜎 )(1 − 𝜚𝜚)𝛿𝛿𝛽𝛽 (1 − 𝜀𝜀𝜀𝜀)�𝑛𝑛𝑓𝑓 ⎟
⎟
𝑓𝑓
𝑚𝑚
𝑚𝑚
𝑛𝑛𝑓𝑓

⎝+𝜗𝜗𝑓𝑓 (1 − 𝑠𝑠)� 1 − (1 − 𝜎𝜎𝑚𝑚 )(1 − 𝜚𝜚)𝛽𝛽𝑚𝑚 (1 − 𝜀𝜀𝜀𝜀)� ⎠

2.2

Population sizes
𝑁𝑁𝑚𝑚 = 𝑆𝑆𝑚𝑚 + 𝐼𝐼𝑚𝑚

𝑁𝑁𝑓𝑓 = 𝑆𝑆𝑓𝑓 + 𝐼𝐼𝑓𝑓

2.3

Balancing equation
𝐶𝐶𝑓𝑓 = 𝐶𝐶𝑚𝑚 𝑁𝑁𝑓𝑓 /𝑁𝑁𝑚𝑚

2.4

Difference Equations
𝑆𝑆𝑓𝑓𝑡𝑡+1 = 𝜃𝜃𝑓𝑓 𝑁𝑁𝑓𝑓0 + 𝑆𝑆𝑓𝑓𝑡𝑡 − Π𝑚𝑚 𝑆𝑆𝑓𝑓𝑡𝑡 − 𝜇𝜇𝑓𝑓 𝑆𝑆𝑓𝑓𝑡𝑡

𝐼𝐼𝑓𝑓𝑡𝑡+1 = 𝐼𝐼𝑓𝑓𝑡𝑡 + Π𝑚𝑚 𝑆𝑆𝑓𝑓𝑡𝑡 − (𝜇𝜇𝑓𝑓 + 𝜉𝜉𝑓𝑓 )𝐼𝐼𝑓𝑓𝑡𝑡

𝑆𝑆𝑚𝑚 𝑡𝑡+1 = 𝜃𝜃𝑚𝑚 𝑁𝑁𝑚𝑚 0 + 𝑆𝑆𝑚𝑚 𝑡𝑡 − Π𝑓𝑓 𝑆𝑆𝑚𝑚 𝑡𝑡 − 𝜇𝜇𝑚𝑚 𝑆𝑆𝑚𝑚 𝑡𝑡

𝐼𝐼𝑚𝑚 𝑡𝑡+1 = 𝐼𝐼𝑚𝑚 𝑡𝑡 + Π𝑓𝑓 𝑆𝑆𝑚𝑚 𝑡𝑡 − (𝜇𝜇𝑚𝑚 + 𝜉𝜉𝑚𝑚 )𝐼𝐼𝑚𝑚 𝑡𝑡

2.5

Implementation context: FSW community in Hillbrow, South Africa, and PrEP
This comparison is undertaken at a time when PrEP has been demonstrated effective for populations
at substantial risk of HIV.11 However concerns around sub-optimal adherence12,13 and behavioural
disinhibition14,15 have led to interest in understanding the trade-offs associated with PrEP
implementation outside of trial settings.16,17 Hillbrow is a pertinent setting for this assessment; a
context with 72% HIV prevalence among FSW 8 and high prevalence among partner populations.18,19
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PrEP has been rolled out for FSW in South Africa under the National Sex Worker HIV Plan (20162019),20 however challenges in PrEP retention were observed in TaPS,21 a 2015-2017 PrEP and early
antiretroviral treatment (ART) demonstration project among the Hillbrow FSW community. Given
the challenges FSW face in negotiating condom use22 and the financial incentives for condomless sex
with clients23, this is a timely case study, which we hope will contribute to decision makers’
understanding of the impact of reductions in condom use on PrEP effectiveness, should they be a
program reality.

Additional analyses
Structural sensitivity analysis
To assess whether the inclusion of ART, circumcision and STIs in the models affects their conclusions,
we conducted a model structural sensitivity analysis by rerunning the analyses, having removed all
parameters relating to: the reduction in HIV transmission on ART and ART coverage; the reduction in
HIV transmission in peno-vaginal sex when the male partner is circumcised and the proportion of the
male partner population that is circumcised; and the multiplicative increase in per sex act in the
probability of HIV transmission in the presence of an STI and the probability at least one person in
the partnership has an STI.

Fully Endemic scenario
To assess whether there is a significant difference in the model comparisons when PrEP is
implemented when the HIV epidemics have fully endemic in the populations, in comparison to when
they first reach equilibrium, the analyses are repeated with PrEP introduced in 2030, when the
epidemics are fully established in both FSW and partner populations.
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Model parameterization
The data and data sources used in the parameterisation and fitting of the models are set out in Table S1 below. Behavioural and epidemiological data are
taken from Hillbrow, Johannesburg, where available, otherwise extrapolated from consistent high HIV burden contexts in South Africa.
Parameter
Proportion of male partner
population HIV infected

Symbol
𝑝𝑝𝑚𝑚

Estimate

Low

High

References

0.02

0.0

0.05

There are significant challenges in identifying
prevalence in clients of sex workers. As such, it is
approximated by prevalence in migrant workers, an
established client group of FSW in sub-Saharan
Africa.24
Year: 1980
At the start of the epidemic, males are assumed
(owing to lack of data) to have very low prevalence of
HIV, between the values stated

0.259

0.203

0.325

Year: 2000
Migrant workers, male, from KwaZulu-Natal, South
Africa.25
Low and high estimates are calculated as 95% CI from
underlying data assuming binomially distributed.

0.339

0.275

0.410

Year: 2004
Non-residents (study proxy for migrant work), men,
from KwaZulu-Natal, South Africa.26

Proportion of FSW
population HIV infected

𝑝𝑝𝑓𝑓

0.05

0.0

0.1

Year: 1980
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Parameter

Symbol

Estimate

Low

High

References
At the start of the epidemic, males are assumed
(owing to lack of data) to have very low prevalence of
HIV, between the values stated

0.45

0.3891956

0.5123358

Year: 1997
FSW, Johannesburg, South Africa.27
Low and high estimates are calculated as 95% CI from
underlying data assuming binomially distributed.

0.718

0.565

0.812

Year: 2014
FSW Johannesburg, South Africa.8

Initial condom consistency
with partners

Probability at least one
person in the partnership
has an STI

𝛾𝛾0

𝑠𝑠0

0.05

0.0

0.1

Year: 1980
At the start of the epidemic, condoms are assumed
(owing to lack of data) to be used at very low levels,
between the values stated.

0.764 (with
clients)

0.902 (with
clients)

0.609 (with
clients)

0.345 (nonpaying
partner)

0.548 (nonpaying
partner)

0.173 (nonpaying
partner)

0.21

0.15

0.3

Year: 2014
FSW Johannesburg, South Africa.8

Data used to inform the range of initial condom
consistencies simulated in the analysis.
Owing to limited data for this population, STI
prevalence data is taken where available in relation to
specific HIV-transmission increasing STIs28, and
otherwise in relation to STI prevalence in general:
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Parameter

Symbol

Estimate

Low

High

References
Estimate: Prevalence of Neisseria gonorrhoea in
Hillbrow FSW.29
Low Estimate: Prevalence of Chlamydia trachomatis &
Neisseria gonorrhoea in Hillbrow FSW.30
High Estimate: FSW STI prevalence, Durban.31

Proportion of HIV+ partner
population on ART
Proportion of HIV+ HRW
women population on ART
Number of generic male
partners, per 3 month period

𝜗𝜗𝑚𝑚

0.257

0.212

0.308

Proportion of South African males having accessed
treatment, 2012.7

0.234

0.506

0.088

Current ART status, FSW, Johannesburg, South Africa,
2014.8

𝐶𝐶𝑚𝑚

106

78

128

Sum of:

𝜗𝜗𝑓𝑓

Mean monthly reported number of clients per FSW,
Hillbrow; multiplied by 3, i.e. 105 (78-126);32 and
Number of main sexual partners, FSW Hillbrow, i.e. 1
(0.37-2).33

Number of males’ female
partners, per 3 month period

Average number of sex acts
– with generic male
partners, per 3 month period

𝐶𝐶𝑓𝑓

4.5

𝑛𝑛𝑚𝑚

1.2

2.97

6.75

Average number of sex partners for high risk men in
control arm.34
Low and high estimates are calculated as 95% CI from
underlying data assuming binomially distributed.

1.05

1.74

Weighted (by number of clients and number of main
sexual partners stated in calculation of 𝐶𝐶𝑓𝑓 ) average of:
- Number of sexual encounters per client, Hillbrow (11.2),30 and
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Parameter

Symbol

Estimate

Low

High

References
- Mean monthly frequency of sex acts in main
partnerships, Hillbrow, multiplied by 3: 24 (mid-point)
(12-36).32

Average number of males’
sex acts – with female
partner, per 3 month period

𝑛𝑛𝑓𝑓

6.3

4.5

9.0

Average frequency of sex acts in casual partnerships
for people with high sexual activity, per month 2.1
(1.5 – 3.0), multiplied by 3.30

% male population
circumcised

𝜏𝜏

0.252

0.159

0.376

Year: 2003
Men 15-59 years, Gauteng Province.10
Low and High Estimates are calculated as 95% CI from
underlying data assuming binomially distributed.

0.482

0.442

0.522

Year: 2012
Adult males, Gauteng Province.7

Condom HIV risk reduction
efficacy per sex act

𝜀𝜀

0.85

0.9

0.8

Midpoint:35 (with consistent use),36 (with consistent
use)

Probability of HIV
transmission, male to
female, through penovaginal sex

𝛽𝛽𝑓𝑓

0.0008

0.0006

0.0011

Per-act HIV-1 transmission probability, male to
female37

Probability of HIV
transmission, female to
male, through peno-vaginal
sex

𝛽𝛽𝑚𝑚

0.0004

0.0001

0.0014

Per-act HIV-1 transmission probability, female to
male37

Multiplicative increase in per
sex act probability of HIV

𝛿𝛿

3.7

2

6

Combined study effectiveness estimate across STDs,
and range spanning individual STD combined study
effect estimates38
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Parameter

Symbol

Estimate

Low

High

References

0.92

0.99

0.9

Estimate:39 accounting for heterogeneity in sexual
mixing and stage of infection, of all studies reviewed
in systematic comparison.40

transmission in the presence
of an STI
Average reduction in
probability HIV transmission
on ART

𝜚𝜚

Low and high: min and max of all studies.40
Average reduction in
probability HIV transmission
to males, when male partner
has been circumcised

𝜎𝜎𝑚𝑚

0.6

0.66

0.44

Average,41 low and high risk from CI in42.

Average reduction in
probability HIV transmission
to females, when male
partner has been
circumcised

𝜎𝜎𝑓𝑓

0

0

0.2

Male circumcision; estimates of HIV infection in
women.41

Number of unit time steps
(duration) spent in PrEP
programme/ cascade
following uptake

h

3 months

N/A

N/A

Frequency of HIV testing (minimum of all regular
testing requirements) WHO Implementation Tool
(2017).43

Underlying population
mortality rate per unit time
step in females

𝜇𝜇𝑓𝑓

0.003788

0.003571

0.00625

1/ life expectancy at birth, females, divided by 4 (for 3
month time unit).44

Underlying population
mortality rate per unit time
step in males

𝜇𝜇𝑚𝑚

0.003968

0.003571

0.00625

1/ life expectancy at birth, females, divided by 4 (for 3
month time unit).44
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Parameter

Symbol

Estimate

Low

High

References

Rate of AIDS deaths per unit
time step, females

𝜉𝜉𝑓𝑓

0.018775

0.012108

0.022353

As in,45 from,46 average time from HIV infection to
death of 10.2 years. Multiplied by 4. Inverted and
multiplied by (1- proportion of females on ART).

Rate of AIDS deaths per unit
time step, males

𝜉𝜉𝑚𝑚

0.018211

0.016985

0.019436

As in,45 from, 46 average time from HIV infection to
death of 10.2 years. Multiplied by 4. Inverted and
multiplied by (1- proportion of males on ART).

Table S1: Parameters and data sources used in the parameterisation and fitting of the models.
Low and high estimates are 95% confidence intervals from the named sources, unless otherwise stated.
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Supplementary Results
Model fits to data
The model fits to HIV prevalence corresponding to each level of initial condom consistency are
shown below in Figure 1 for the Epidemic Equilibrium scenario, and for the Increasing Epidemic
scenario in Figure 2.
Epidemic Equilibrium Scenario

Figure S1: Plots of fits to FSW and male partner population HIV prevalence over time calculated through the dynamic
model for the Epidemic Equilibrium scenario.
The plots are given distinctly for each level of initial condom consistency (in 2014) simulated, and in each case display the
95% and 50% credible intervals and median of all fits.
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Increasing Epidemic Scenario

Figure S2: Plots of fits to FSW and male partner population HIV prevalence over time calculated through the dynamic
model for the Increasing Epidemic scenario.
The plots are given distinctly for each level of initial condom consistency (in 1994) simulated, and in each case display the
95% and 50% credible intervals and median of all fits.
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Model fits for additional analyses
The model fits to HIV prevalence corresponding to each level of initial condom consistency for the
structural sensitivity analysis are shown below in Figure 1 for the Epidemic Equilibrium scenario, and
for the Increasing Epidemic scenario in Figure 2.
Structural Sensitivity Analysis
Epidemic Equilibrium Scenario

Figure S3: Plots of fits to FSW and male partner population HIV prevalence over time calculated through the dynamic
model for the Epidemic Equilibrium scenario under the structural sensitivity analysis.
The plots are given distinctly for each level of initial condom consistency (in 2014) simulated, and in each case display the
95% and 50% credible intervals and median of all fits.
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Structural Sensitivity Analysis
Increasing Epidemic Scenario

Figure S4: Plots of fits to FSW and male partner population HIV prevalence over time calculated through the dynamic
model for the Increasing Epidemic scenario under the structural sensitivity analysis.
The plots are given distinctly for each level of initial condom consistency (in 1994) simulated, and in each case display the
95% and 50% credible intervals and median of all fits.
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Fully Endemic Scenario
The model fits to HIV prevalence for the Fully Endemic analysis are the same as those for the
Epidemic Equilibrium scenario – it is only PrEP that is implemented later in this analysis.
Boxplots for additional analyses

The 4x4 boxplots showing 1) the lowest level of condom consistency, and 2) the percentage
reduction in condom consistency, tolerated following the introduction of PrEP for each of the
scenarios evaluated are set out as follows:
-

Epidemic Equilibria scenario in Figure S5 and Figure S6 respectively;

-

Increasing Epidemic scenario in Figure S7 and Figure S8 respectively;

-

Structural sensitivity analysis - Epidemic Equilibrium scenario in Figure S9 and Figure S10
respectively;

-

Structural sensitivity analysis – Increasing Epidemic scenario in Figure S11 and Figure S12
respectively; and

-

Fully Endemic scenario in Figure S13 and Figure S14 respectively.
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Figure S5: Boxplots comparing the lowest level of condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP introduced
at HIV Epidemic Equilibrium.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the predicted lowest levels of condom consistency tolerated on PrEP are point estimates. In the case of the dynamic
model, the predicted lowest levels of condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots depict uncertainty in
the lowest levels of condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the whiskers the maximum and
minimum values.
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Figure S6: Boxplots comparing the percentage reduction in condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced at HIV Epidemic Equilibrium.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the predicted percentage reductions in condom consistency tolerated on PrEP are point estimates. In the case of the
dynamic model, the predicted percentage reductions in condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots
depict uncertainty in the percentage reduction in condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the
whiskers the maximum and minimum values.
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Figure S7: Boxplots comparing the lowest level of condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP introduced
with Increasing Epidemic.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the lowest levels of condom consistency tolerated on PrEP are point estimates. In the case of the dynamic model, the
lowest levels of condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots depict uncertainty in the lowest levels of
condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the whiskers the maximum and minimum values.
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Figure S8: Boxplots comparing the percentage reduction in condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced with Increasing Epidemic.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the predicted percentage reductions in condom consistency tolerated on PrEP are point estimates. In the case of the
dynamic model, the predicted percentage reductions in condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots
depict uncertainty in the percentage reduction in condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the
whiskers the maximum and minimum values.
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Structural sensitivity analysis: Epidemic Equilibrium Scenario

Figure S9: Boxplots comparing the lowest level of condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced at HIV Epidemic Equilibrium under the structural sensitivity analysis.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the lowest levels of condom consistency tolerated on PrEP are point estimates. In the case of the dynamic model, the
lowest level of condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots depict uncertainty in the lowest level of
condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the whiskers the maximum and minimum values.
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Figure S10: Boxplots comparing the percentage reduction in condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced at HIV Epidemic Equilibrium under the structural sensitivity analysis.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the predicted percentage reductions in condom consistency tolerated on PrEP are point estimates. In the case of the
dynamic model, the predicted percentage reductions in condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots
depict uncertainty in the percentage reduction in condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the
whiskers the maximum and minimum values.
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Structural sensitivity analysis: Increasing Epidemic Scenario

Figure S11: Boxplots comparing the lowest level of condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced with Increasing Epidemic under the structural sensitivity analysis.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the lowest levels of condom consistency tolerated on PrEP are point estimates. In the case of the dynamic model, the
lowest levels of condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots depict uncertainty in the lowest level of
condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the whiskers the maximum and minimum values.
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Figure S12: Boxplots comparing the percentage reduction in condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced with Increasing Epidemic under the structural sensitivity analysis.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the predicted percentage reductions in condom consistency tolerated on PrEP are point estimates. In the case of the
dynamic model, the predicted percentage reductions in condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots
depict uncertainty in the percentage reduction in condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the
whiskers the maximum and minimum values.
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Fully Endemic Scenario

Figure S13: Boxplots comparing the lowest level of condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced with the Fully Endemic scenario.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the lowest levels of condom consistency tolerated on PrEP are point estimates. In the case of the dynamic model, the
lowest levels of condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots depict uncertainty in the lowest levels of
condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the whiskers the maximum and minimum values.
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Figure S14: Boxplots comparing the percentage reduction in condom consistency tolerated on PrEP (for HIV risk not to increase) predicted through the static and dynamic models – PrEP
introduced with the Fully Endemic scenario.
The results are shown distinctly for initial condom consistencies (at point of introduction of PrEP) of 10%, 30%, 50% and 70%, and simulated for levels of achieved PrEP use-effectiveness at HIV
risk reduction of 25%, 45%, 65% and 85%. In the case of the static model, the predicted percentage reductions in condom consistency tolerated on PrEP are point estimates. In the case of the
dynamic model, the predicted percentage reductions in condom consistency tolerated on PrEP are given after 3 months, 1 year, 2 years, 5 years, 10 years and 20 years on PrEP. The boxplots
depict uncertainty in the percentage reduction in condom consistency tolerated, with the black line representing the median of all fits, the coloured section the interquartile range and the
whiskers the maximum and minimum values.
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Tables of Results
Percentage Reduction in Condom Consistency Tolerated: Tables of percentage change between
static and dynamic model’s outcomes
The percentage change between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the percentage change in condom consistency tolerated over the
time horizon for both the Epidemic Equilibrium and Increasing Epidemic scenarios are shown in
Tables S2a and S2b respectively.
Epidemic Equilibrium Scenario
% Change between Static Model and Dynamic Model after
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

3 months

1 year

2 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
-1.9 % ( -0.7 % , -1.4 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-2.1 % ( -2 % , -1.5 % )
-0.8 % ( -1.2 % , -0.8 % )
0% (0%,0%)
0% (0%,0%)
-2.7 % ( -1.9 % , -2.3 % )
-1.2 % ( -1.1 % , -1.4 % )
-0.7 % ( -0.5 % , 0 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
-0.1 % ( 2.8 % , -0.8 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-2.1 % ( 1.7 % , -1.5 % )
3.7 % ( 3.8 % , 5.2 % )
0% (0%,0%)
0% (0%,0%)
-4.3 % ( 1.9 % , -3.7 % )
2.3 % ( 3.2 % , 2.4 % )
5.9 % ( 5.8 % , 1.2 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
2 % ( 9.2 % , -3.3 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-2.4 % ( 10.7 % , -2.7 % )
7.2 % ( 10.5 % , 8.5 % )
0% (0%,0%)
0% (0%,0%)
-8.7 % ( 7.5 % , -9.3 % )
5.1 % ( 8.4 % , 5.4 % )
12.1 % ( 11.8 % , 8.1 % )
0% (0%,0%)

5 years

10 years

0% (0%,0%)
0 % ( 100 % , 0 % )
0% (0%,0%)
0 % ( 100 % , 0 % )
0% (0%,0%)
0 % ( 100 % , 0 % )
0 % ( 0.1 % , 0 % )
0 % ( 100 % , 0 % )
4 % ( 23.5 % , -10.8 % )
3.6 % ( 100 % , -19.2 % )
0% (0%,0%)
0 % ( 100 % , 0 % )
0% (0%,0%)
0 % ( 100 % , 0 % )
0% (0%,0%)
0 % ( 100 % , 0 % )
-2.9 % ( 32 % , -15.5 % )
-4.4 % ( 100 % , -28.3 % )
13.3 % ( 26.3 % , 13.1 % ) 17.9 % ( 100 % , 11.8 % )
0% (0%,0%)
0 % ( 100 % , 0 % )
0% (0%,0%)
0 % ( 100 % , 0 % )
-13.6 % ( 27.5 % , -24.7 % ) -19 % ( 100 % , -40.5 % )
7.6 % ( 22.2 % , 5.8 % )
11.1 % ( 100 % , 4.8 % )
20.5 % ( 24.8 % , 15.9 % ) 26.1 % ( 100 % , 20.5 % )
0% (0%,0%)
0 % ( 100 % , 0 % )

20 years
0 % ( 0.8 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
4 % ( 67.2 % , -19.2 % )
0 % ( 29.2 % , 0 % )
0% (0%,0%)
0% (0%,0%)
-5.9 % ( 92 % , -38.9 % )
21.9 % ( 62.6 % , 11 % )
0 % ( 32.4 % , 0 % )
0% (0%,0%)
-20.1 % ( 100 % , -56.7 % )
14.1 % ( 66.8 % , 1.2 % )
30.6 % ( 53.5 % , 21 % )
0 % ( 0.7 % , 0 % )

Table S2a: Epidemic Equilibrium Scenario: Percentage change between the static and dynamic models’ prediction of the
percentage change in condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to
20 years.

Increasing Epidemic Scenario
% Change between Static Model and Dynamic Model after
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

3 months

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0.1 % ( 0.2 % , 0 % )
8.8 % ( 9.3 % , 9 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
7.1 % ( 7.1 % , 7.8 % )
4.1 % ( 3.5 % , 4.4 % )
0% (0%,0%)
0% (0%,0%)
5.9 % ( 4.5 % , 5.6 % )
2.8 % ( 2.2 % , 3.1 % )
2.1 % ( 1.6 % , 0 % )
0% (0%,0%)

0 % ( 4.3 % , 0 % )
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0.1 % ( 0.1 % , 0 % )
43.8 % ( 50.6 % , 40.8 % )
0 % ( 9.5 % , 0 % )
0% (0%,0%)
0% (0%,0%)
37.2 % ( 40.7 % , 34.4 % )
27.8 % ( 27.8 % , 27.6 % )
0% (0%,0%)
0% (0%,0%)
32.4 % ( 31.2 % , 28.7 % )
23.9 % ( 22.6 % , 22.7 % )
23.7 % ( 21.6 % , 16.4 % )
0% (0%,0%)

48.7 % ( 87.5 % , 5.3 % )
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
73.1 % ( 89.8 % , 62.2 % )
22.2 % ( 41.1 % , 2.5 % )
0% (0%,0%)
0% (0%,0%)
63.1 % ( 76.8 % , 55 % )
45.9 % ( 48.5 % , 44.2 % )
6.7 % ( 20.4 % , 0 % )
0% (0%,0%)
54.3 % ( 61.1 % , 47.2 % )
40.8 % ( 39.9 % , 38.6 % )
37.5 % ( 36.8 % , 31.9 % )
0% (0%,0%)

100 % ( 100 % , 100 % )
4.5 % ( 69.6 % , 0 % )
0% (0%,0%)
0 % ( 0.1 % , 0 % )
100 % ( 100 % , 93.3 % )
66.8 % ( 89.2 % , 44 % )
0 % ( 21.1 % , 0 % )
0% (0%,0%)
100 % ( 100 % , 82.9 % )
72.5 % ( 83.2 % , 65.2 % )
38.4 % ( 52.4 % , 21.3 % )
0% (0%,0%)
92.6 % ( 100 % , 76.4 % )
66.3 % ( 73.6 % , 60.3 % )
57.9 % ( 59.8 % , 53 % )
5.6 % ( 21 % , 0 % )

100 % ( 100 % , 100 % )
87 % ( 100 % , 0 % )
0% (0%,0%)
0 % ( 0.1 % , 0 % )
100 % ( 100 % , 100 % )
90.1 % ( 100 % , 61.2 % )
22.8 % ( 63.1 % , 0 % )
0% (0%,0%)
100 % ( 100 % , 90.5 % )
86.9 % ( 100 % , 73.5 % )
54.7 % ( 72.7 % , 35.2 % )
0% (0%,0%)
100 % ( 100 % , 90.3 % )
80 % ( 100 % , 70.5 % )
68.5 % ( 75.1 % , 61.9 % )
22.5 % ( 39.7 % , 2.5 % )

100 % ( 100 % , 20.1 % )
18.4 % ( 100 % , 0 % )
0% (0%,0%)
0 % ( 0.1 % , 0 % )
100 % ( 100 % , 67.7 % )
71.1 % ( 100 % , 28.5 % )
5.7 % ( 66 % , 0 % )
0% (0%,0%)
100 % ( 100 % , 50.3 % )
75.4 % ( 100 % , 54.6 % )
46.8 % ( 76.1 % , 15.8 % )
0 % ( 4.7 % , 0 % )
91 % ( 100 % , 47.2 % )
71.6 % ( 100 % , 52.4 % )
63.8 % ( 81.7 % , 52 % )
15.5 % ( 47.1 % , 0 % )

Table S2b: Increasing Epidemic Scenario: Percentage change between the static and dynamic models’ prediction of the
percentage change in condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to
20 years.
Tables S2a and S2b respectively show for the scenarios where PrEP is introduced at Epidemic Equilibrium and where PrEP is
introduced with Increasing Epidemic the percentage change between the static and dynamic models’ prediction of the
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percentage change in condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20
years. The percentage change values stated outside the brackets are the percentage change between the median values
predicted by the static and dynamic models, and the values in the left and right of the bracket are the percentage change
between the lower and upper 95% credible intervals predicted by the static and dynamic models respectively.

Additional analyses – Structural sensitivity analysis
The percentage change between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the percentage change in condom consistency tolerated over the
time horizon for both the Epidemic Equilibrium and Increasing Epidemic scenarios for the structural
sensitivity analysis are shown in Tables S3a and S3b respectively.
Structural Sensitivity Analysis
Epidemic Equilibrium Scenario
% Change between Static Model and Dynamic Model after
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

3 months

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0.8 % ( 0.9 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.4 % ( 0.5 % , 0.6 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.9 % ( 0 % , 0.4 % )
-0.4 % ( 0 % , 0.6 % )
0% (0%,0%)
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
10.9 % ( 11.6 % , 4.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
8.8 % ( 10.7 % , 7.6 % )
0.6 % ( 10.1 % , 0 % )
0% (0%,0%)
0% (0%,0%)
5.3 % ( 8 % , 5 % )
7.7 % ( 8.6 % , 8.6 % )
0 % ( 2.3 % , 0 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
20.1 % ( 23.7 % , 11.2 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
16.8 % ( 22.7 % , 13.9 % )
10.5 % ( 20 % , 0.4 % )
0% (0%,0%)
0% (0%,0%)
11.9 % ( 20.1 % , 8.8 % )
15.3 % ( 17.4 % , 15.6 % )
0.6 % ( 13 % , 0 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
34.7 % ( 45.3 % , 22.5 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
30.1 % ( 49.8 % , 23.5 % )
25.1 % ( 37.9 % , 14.7 % )
0% (0%,0%)
0% (0%,0%)
22 % ( 47.7 % , 13 % )
28.4 % ( 36.6 % , 25 % )
17.4 % ( 29.8 % , 4.6 % )
0% (0%,0%)

0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
44.5 % ( 100 % , 27.2 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
39.6 % ( 100 % , 27.4 % )
35.1 % ( 100 % , 23.5 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
30.4 % ( 100 % , 12.6 % )
36.8 % ( 100 % , 30.9 % )
29 % ( 100 % , 15.2 % )
0 % ( 100 % , 0 % )

0 % ( 42.3 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
49.9 % ( 82.6 % , 26 % )
0 % ( 13.4 % , 0 % )
0% (0%,0%)
0% (0%,0%)
46.2 % ( 100 % , 28.2 % )
41.8 % ( 70.8 % , 29.1 % )
0 % ( 7.1 % , 0 % )
0% (0%,0%)
37.4 % ( 100 % , 10.3 % )
43.8 % ( 78.7 % , 34.5 % )
36.6 % ( 57.4 % , 22.1 % )
0% (0%,0%)

Table S3a: Structural sensitivity analysis: Epidemic Equilibrium Scenario: Percentage change between the static and
dynamic models’ prediction of the percentage change in condom consistency tolerated, when the dynamic model is run
over a time horizon of 3 months to 20 years.
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Structural Sensitivity Analysis
Increasing Epidemic Scenario
% Change between Static Model and Dynamic Model after
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

3 months

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
0.1 % ( 0.2 % , 0 % )
9.1 % ( 9.9 % , 3.8 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
7.1 % ( 8 % , 7.1 % )
0 % ( 3.1 % , 0 % )
0% (0%,0%)
0% (0%,0%)
5.7 % ( 6.1 % , 6.2 % )
3 % ( 3.3 % , 3.1 % )
0% (0%,0%)
0% (0%,0%)

0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
0.1 % ( 0.2 % , 0 % )
43.3 % ( 48.7 % , 35.5 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
37.3 % ( 42 % , 34.5 % )
21.1 % ( 30 % , 12.7 % )
0% (0%,0%)
0% (0%,0%)
30 % ( 32.8 % , 26.3 % )
23.8 % ( 24.9 % , 23.1 % )
4.4 % ( 18 % , 0 % )
0% (0%,0%)

9.2 % ( 51.6 % , 0 % )
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
0.1 % ( 0.2 % , 0 % )
71.6 % ( 81.8 % , 58.7 % )
0 % ( 3.4 % , 0 % )
0% (0%,0%)
0 % ( 0.1 % , 0 % )
64.2 % ( 73.8 % , 55.4 % )
41.7 % ( 50.7 % , 32.8 % )
0% (0%,0%)
0% (0%,0%)
53 % ( 60.6 % , 44.4 % )
40.8 % ( 43.1 % , 38 % )
24 % ( 35.6 % , 13.2 % )
0% (0%,0%)

100 % ( 100 % , 93.9 % )
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0.1 % ( 0.2 % , 0 % )
100 % ( 100 % , 95.2 % )
50.4 % ( 68.9 % , 25.6 % )
0% (0%,0%)
0% (0%,0%)
100 % ( 100 % , 86.3 % )
71.8 % ( 82.6 % , 60.1 % )
13.6 % ( 30.7 % , 0 % )
0% (0%,0%)
92.6 % ( 100 % , 71.8 % )
66.3 % ( 73.2 % , 58 % )
50.3 % ( 60 % , 37.2 % )
0% (0%,0%)

100 % ( 100 % , 100 % )
90.7 % ( 100 % , 0 % )
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
100 % ( 100 % , 100 % )
91.8 % ( 100 % , 63.5 % )
0 % ( 27.8 % , 0 % )
0% (0%,0%)
100 % ( 100 % , 100 % )
92.7 % ( 100 % , 76.3 % )
46.5 % ( 64.4 % , 25.3 % )
0% (0%,0%)
100 % ( 100 % , 91.9 % )
85.8 % ( 98.6 % , 71.8 % )
67.6 % ( 77.4 % , 52.2 % )
0 % ( 16.9 % , 0 % )

100 % ( 100 % , 100 % )
100 % ( 100 % , 51 % )
0 % ( 32.2 % , 0 % )
0 % ( 0.1 % , 0 % )
100 % ( 100 % , 100 % )
100 % ( 100 % , 87.9 % )
47.1 % ( 90.6 % , 2.2 % )
0% (0%,0%)
100 % ( 100 % , 100 % )
100 % ( 100 % , 89 % )
72.3 % ( 94.3 % , 46.2 % )
0 % ( 6.1 % , 0 % )
100 % ( 100 % , 100 % )
100 % ( 100 % , 83.6 % )
82.7 % ( 95.9 % , 64.3 % )
25.5 % ( 47.4 % , 0 % )

Table S3b: Structural sensitivity analysis: Increasing Epidemic Scenario: Percentage change between the static and
dynamic models’ prediction of the percentage change in condom consistency tolerated, when the dynamic model is run
over a time horizon of 3 months to 20 years.
Tables S3a and S3b respectively show, for the scenarios where PrEP is introduced at Epidemic Equilibrium and where PrEP is
introduced with Increasing Epidemic under the structural sensitivity analysis, the percentage change between the static and
dynamic models’ prediction of the percentage change in condom consistency tolerated, when the dynamic model is run over
a time horizon of 3 months to 20 years. The percentage change values stated outside the brackets are the percentage
change between the median values predicted by the static and dynamic models, and the values in the left and right of the
bracket are the percentage change between the lower and upper 95% credible intervals predicted by the static and dynamic
models respectively.

Additional analyses - Fully Endemic scenario
The percentage change between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the percentage change in condom consistency tolerated over the
time horizon for the additional scenario Fully Endemic (PrEP introduced in 2030) is shown in Table
S4.
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Fully Endemic Scenario
% Change between Static Model and Dynamic Model after
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

3 months

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
-0.9 % ( -1 % , -0.6 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.6 % ( -1 % , -0.7 % )
-0.4 % ( -0.4 % , -0.5 % )
0% (0%,0%)
0% (0%,0%)
-1.1 % ( -1.3 % , 0 % )
-0.9 % ( -0.8 % , -0.2 % )
-0.5 % ( -0.5 % , 0 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0.1 % ( 0.1 % , 0 % )
3.5 % ( 4.2 % , 4.9 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
4.1 % ( 4 % , 3 % )
7.2 % ( 6.7 % , 6.8 % )
0% (0%,0%)
0% (0%,0%)
2.1 % ( 2.5 % , 2.3 % )
5.9 % ( 5.4 % , 6.7 % )
9.2 % ( 9.4 % , 1.3 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.2 % , 0 % )
8.2 % ( 10.3 % , 7.3 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
8.2 % ( 12 % , 5.7 % )
13.8 % ( 13.6 % , 13.4 % )
0% (0%,0%)
0% (0%,0%)
6.3 % ( 13.2 % , 2.3 % )
12.2 % ( 11.4 % , 12.1 % )
17.9 % ( 16.9 % , 10.5 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
0 % ( 0.1 % , 0 % )
15.8 % ( 24.6 % , 9.4 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
15.7 % ( 35.1 % , 4.7 % )
24.4 % ( 27 % , 22.1 % )
0 % ( 3.6 % , 0 % )
0% (0%,0%)
11.1 % ( 44.7 % , 0 % )
22.4 % ( 28.5 % , 19 % )
29.9 % ( 29.5 % , 22.8 % )
0% (0%,0%)

0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
22.1 % ( 100 % , 8.9 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
20.4 % ( 100 % , 1.2 % )
31.6 % ( 100 % , 25.5 % )
0.3 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
15.8 % ( 100 % , -6.4 % )
29.3 % ( 100 % , 23.5 % )
37.9 % ( 100 % , 29.3 % )
0 % ( 100 % , 0 % )

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 0.1 % , 0 % )
26.8 % ( 53.3 % , 7.9 % )
2.1 % ( 23 % , 0 % )
0% (0%,0%)
0% (0%,0%)
25.4 % ( 81.6 % , 0.5 % )
37.8 % ( 57.4 % , 28.3 % )
9.7 % ( 28.8 % , 0 % )
0% (0%,0%)
18.9 % ( 100 % , -10 % )
35.8 % ( 63.7 % , 24.4 % )
43.6 % ( 50.5 % , 34.7 % )
0 % ( 12.6 % , 0 % )

Table S4: Percentage change between the static and dynamic models’ prediction of the percentage change in condom
consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20 years, under the Fully
Endemic scenario.
The percentage change values stated outside the brackets are the percentage change between the median values predicted
by the static and dynamic models, and the values in the left and right of the bracket are the percentage change between
the lower and upper 95% credible intervals predicted by the static and dynamic models respectively.
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Lowest Level of Condom Consistency Tolerated: Tables of absolute difference between static and
dynamic model’s outcomes

The absolute difference between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the lowest level of condom consistency tolerated over the time
horizon for both the Epidemic Equilibrium and Increasing Epidemic scenarios are shown in Tables S5a
and S5b respectively.
Epidemic Equilibrium Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

Absolute Difference between Initial Condom Consistency and Lowest Level of Condom Consistency on PrEP
3 months

1 year

2 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.4 % ( 0.3 % , 0.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.3 % ( 0.3 % , 0.3 % )
0.3 % ( 0.3 % , 0.4 % )
0% (0%,0%)
0% (0%,0%)
0.3 % ( 0.4 % , 0.2 % )
0.4 % ( 0.5 % , 0.3 % )
0.4 % ( 0 % , 0.2 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 0.2 % , -0.5 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.3 % ( 0.3 % , -0.3 % )
-1.5 % ( -2.6 % , -1.3 % )
0% (0%,0%)
0% (0%,0%)
0.5 % ( 0.6 % , -0.2 % )
-0.7 % ( -0.9 % , -0.8 % )
-3.7 % ( -0.8 % , -3.1 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.5 % ( 0.8 % , -1.7 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.3 % ( 0.6 % , -1.6 % )
-2.8 % ( -4.2 % , -3.6 % )
0% (0%,0%)
0% (0%,0%)
1.1 % ( 1.5 % , -0.8 % )
-1.5 % ( -1.9 % , -2.2 % )
-7.5 % ( -5.7 % , -6.3 % )
0% (0%,0%)

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0 % ( 0 % , -0.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.9 % ( 2.7 % , -4.3 % )
-0.8 % ( 4.8 % , -7.5 % )
-0.9 % ( 4.8 % , -12.3 % )
0% (0%,0%)
0 % ( 0 % , -3.1 % )
0 % ( 0 % , -8.8 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.5 % ( 3.2 % , -4.8 % )
0.7 % ( 5.7 % , -8.5 % )
1 % ( 7.9 % , -13.8 % )
-5.2 % ( -6.3 % , -9 % )
-7 % ( -5.7 % , -14.1 % )
-8.5 % ( -5.4 % , -21.5 % )
0% (0%,0%)
0 % ( 0 % , -6.5 % )
0 % ( 0 % , -16.2 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
1.7 % ( 3.8 % , -3.1 % )
2.4 % ( 6.2 % , -6.9 % )
2.6 % ( 8.6 % , -12.8 % )
-2.3 % ( -2 % , -5.7 % )
-3.4 % ( -1.7 % , -10.3 % )
-4.3 % ( -0.4 % , -17.3 % )
-12.8 % ( -11.1 % , -13.3 % ) -16.4 % ( -14.4 % , -19.2 % ) -19.2 % ( -14.7 % , -28.5 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 0 % , -0.5 % )

Table S5a: Epidemic Equilibrium Scenario: Absolute difference between the static and dynamic models’ prediction of the
lowest level of condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20
years.

Increasing Epidemic Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

Absolute Difference between Initial Condom Consistency and Lowest Level of Condom Consistency on PrEP
3 months

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.9 % ( -2.3 % , -1.6 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.2 % ( -1.6 % , -1 % )
-1.5 % ( -2.1 % , -1.2 % )
0% (0%,0%)
0% (0%,0%)
-0.8 % ( -0.8 % , -0.5 % )
-0.9 % ( -1.1 % , -0.6 % )
-1.3 % ( 0 % , -0.9 % )
0% (0%,0%)

0 % ( 0 % , -0.4 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-9.1 % ( -10.1 % , -8.9 % )
0 % ( 0 % , -2.9 % )
0% (0%,0%)
0% (0%,0%)
-6.4 % ( -6.8 % , -6 % )
-10.9 % ( -12.9 % , -9.5 % )
0% (0%,0%)
0% (0%,0%)
-4.3 % ( -4.3 % , -3.4 % )
-7.3 % ( -8.1 % , -5.7 % )
-14.8 % ( -11.5 % , -11.2 % )
0% (0%,0%)

-4.9 % ( -0.5 % , -8.8 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-15.2 % ( -15.3 % , -15.9 % )
-6.7 % ( -0.8 % , -12.3 % )
0% (0%,0%)
0% (0%,0%)
-10.7 % ( -10.9 % , -11.3 % )
-18 % ( -20.7 % , -16.5 % )
-3.3 % ( 0 % , -10.2 % )
0% (0%,0%)
-7.2 % ( -7.2 % , -6.7 % )
-12.4 % ( -13.8 % , -10.1 % )
-23.5 % ( -22.3 % , -19.3 % )
0% (0%,0%)

-16.6 % ( -10.5 % , -22.4 % )
-0.4 % ( 0 % , -7 % )
0% (0%,0%)
0% (0%,0%)
-24.9 % ( -22.9 % , -27.5 % )
-20 % ( -13.2 % , -26.8 % )
0 % ( 0 % , -6.3 % )
0% (0%,0%)
-18.2 % ( -16.5 % , -20.4 % )
-28.4 % ( -30.5 % , -28.3 % )
-19.2 % ( -10.6 % , -26.2 % )
0% (0%,0%)
-12.2 % ( -11.5 % , -13.3 % )
-20.2 % ( -21.6 % , -18.7 % )
-36.3 % ( -37.1 % , -31.3 % )
-3.9 % ( 0 % , -14.7 % )

-22.4 % ( -14.4 % , -30.6 % )
-8.7 % ( 0 % , -17.4 % )
0% (0%,0%)
0% (0%,0%)
-30.1 % ( -25.7 % , -35.3 % )
-27 % ( -18.4 % , -36.3 % )
-6.9 % ( 0 % , -18.9 % )
0% (0%,0%)
-22.1 % ( -18 % , -26.8 % )
-34.1 % ( -34.4 % , -36.2 % )
-27.4 % ( -17.6 % , -36.4 % )
0% (0%,0%)
-15.3 % ( -13.6 % , -18.1 % )
-24.4 % ( -25.2 % , -25.4 % )
-43 % ( -43.3 % , -39.3 % )
-15.8 % ( -1.8 % , -27.8 % )

-15.2 % ( -2 % , -28.8 % )
-1.8 % ( 0 % , -15.3 % )
0% (0%,0%)
0% (0%,0%)
-24.2 % ( -16.7 % , -35.8 % )
-21.3 % ( -8.5 % , -37.3 % )
-1.7 % ( 0 % , -19.8 % )
0% (0%,0%)
-17.2 % ( -10 % , -26.9 % )
-29.6 % ( -25.6 % , -37.3 % )
-23.4 % ( -7.9 % , -38 % )
0 % ( 0 % , -2.4 % )
-12 % ( -7.1 % , -19.6 % )
-21.8 % ( -18.8 % , -27.2 % )
-40.1 % ( -36.4 % , -42.7 % )
-10.8 % ( 0 % , -33 % )

Table S5b: Increasing Epidemic Scenario: Absolute difference between the static and dynamic models’ prediction of the
lowest level of condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20
years.
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Tables S5a and S5b respectively show for the scenarios where PrEP is introduced at Epidemic Equilibrium and where PrEP is
introduced with Increasing Epidemic the absolute difference between the static and dynamic models’ prediction of the
lowest level of condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20 years.
The values stated outside the brackets are the absolute difference between the median values predicted by the static and
dynamic models, and the values in the left and right of the bracket are the absolute difference between the lower and upper
95% credible intervals predicted by the static and dynamic models respectively.

Additional analyses – Structural sensitivity analysis
The absolute difference between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the lowest level of condom consistency tolerated over the time
horizon for both the Epidemic Equilibrium and Increasing Epidemic scenarios for the structural
sensitivity analysis are shown in Tables S6a and S6b respectively.
Structural Sensitivity Analysis
Epidemic Equilibrium Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

Absolute Difference between Initial Condom Consistency and Lowest Level of Condom Consistency on PrEP
3 months

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.2 % ( 0 % , -0.3 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.1 % ( -0.1 % , -0.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.1 % ( -0.1 % , 0 % )
0.1 % ( -0.3 % , 0 % )
0% (0%,0%)
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-3.2 % ( -1.2 % , -3.2 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-2 % ( -1.8 % , -2.2 % )
-0.3 % ( 0 % , -5 % )
0% (0%,0%)
0% (0%,0%)
-0.9 % ( -0.9 % , -1.1 % )
-3 % ( -3.9 % , -2.9 % )
0 % ( 0 % , -1.6 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-5.9 % ( -3.4 % , -6.5 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-3.8 % ( -3.4 % , -4.7 % )
-5.2 % ( -0.2 % , -10 % )
0% (0%,0%)
0% (0%,0%)
-1.9 % ( -1.7 % , -2.7 % )
-6 % ( -7 % , -5.9 % )
-0.4 % ( 0 % , -9.1 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-10.2 % ( -6.8 % , -12.3 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-6.8 % ( -5.8 % , -10.2 % )
-12.5 % ( -7.4 % , -18.9 % )
0% (0%,0%)
0% (0%,0%)
-3.5 % ( -2.4 % , -6.6 % )
-11.1 % ( -11.2 % , -12.5 % )
-12.2 % ( -3.2 % , -20.9 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-13.1 % ( -8.2 % , -17.4 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-9 % ( -6.8 % , -15.8 % )
-17.5 % ( -11.8 % , -27.7 % )
0% (0%,0%)
0% (0%,0%)
-4.8 % ( -2.4 % , -12.6 % )
-14.4 % ( -13.9 % , -18.9 % )
-20.3 % ( -10.6 % , -31.4 % )
0% (0%,0%)

0 % ( 0 % , -4.2 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-14.7 % ( -7.8 % , -22.5 % )
0 % ( 0 % , -4 % )
0% (0%,0%)
0% (0%,0%)
-10.5 % ( -7 % , -22.3 % )
-20.9 % ( -14.5 % , -35.4 % )
0 % ( 0 % , -3.5 % )
0% (0%,0%)
-6 % ( -1.9 % , -19.3 % )
-17.1 % ( -15.5 % , -26.9 % )
-25.6 % ( -15.4 % , -40.2 % )
0% (0%,0%)

Table S6a: Structural sensitivity analysis: Epidemic Equilibrium Scenario: Absolute difference between the static and
dynamic models’ prediction of the lowest level of condom consistency tolerated, when the dynamic model is run over a
time horizon of 3 months to 20 years.
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Structural Sensitivity Analysis
Increasing Epidemic Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

Absolute Difference between Initial Condom Consistency and Lowest Level of Condom Consistency on PrEP
3 months

1 year

2 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-2.7 % ( -1.1 % , -2.7 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.6 % ( -1.7 % , -1.6 % )
0 % ( 0 % , -1.5 % )
0% (0%,0%)
0% (0%,0%)
-0.9 % ( -1.1 % , -0.8 % )
-1.2 % ( -1.4 % , -1.2 % )
0% (0%,0%)
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-12.7 % ( -10.7 % , -13.2 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-8.4 % ( -8.5 % , -8.7 % )
-10.6 % ( -6.4 % , -15 % )
0% (0%,0%)
0% (0%,0%)
-4.9 % ( -4.8 % , -4.5 % )
-9.4 % ( -10.2 % , -8.5 % )
-3.1 % ( 0 % , -12.6 % )
0% (0%,0%)

5 years

-0.9 % ( 0 % , -5.2 % )
-17 % ( -9.4 % , -21.5 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-21 % ( -17.6 % , -22.3 % ) -33.4 % ( -28.6 % , -36 % )
0 % ( 0 % , -1 % )
-15.1 % ( -7.7 % , -20.7 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-14.4 % ( -13.7 % , -15.2 % ) -24.2 % ( -21.4 % , -26.3 % )
-20.8 % ( -16.4 % , -25.4 % ) -35.9 % ( -30 % , -41.3 % )
0% (0%,0%)
-6.8 % ( 0 % , -15.3 % )
0% (0%,0%)
0% (0%,0%)
-8.6 % ( -8 % , -8.3 % )
-14.9 % ( -13 % , -15.3 % )
-16.2 % ( -16.8 % , -14.7 % ) -26.2 % ( -25.7 % , -24.9 % )
-16.8 % ( -9.2 % , -24.9 % )
-35.2 % ( -26 % , -42 % )
0% (0%,0%)
0% (0%,0%)

10 years

20 years

-28 % ( -18.2 % , -33.9 % )
-9.1 % ( 0 % , -15.8 % )
0% (0%,0%)
0% (0%,0%)
-42.4 % ( -35.9 % , -47.2 % )
-27.5 % ( -19 % , -35 % )
0 % ( 0 % , -8.4 % )
0% (0%,0%)
-31.3 % ( -26.6 % , -34.6 % )
-46.4 % ( -38.2 % , -53 % )
-23.2 % ( -12.7 % , -32.2 % )
0% (0%,0%)
-20.3 % ( -16.6 % , -21.8 % )
-33.9 % ( -31.9 % , -33.5 % )
-47.3 % ( -36.5 % , -54.2 % )
0 % ( 0 % , -11.8 % )

-36 % ( -23.5 % , -44.4 % )
-20.7 % ( -5.1 % , -29.5 % )
0 % ( 0 % , -3.2 % )
0% (0%,0%)
-49.7 % ( -41 % , -57 % )
-37.4 % ( -26.4 % , -48.2 % )
-14.1 % ( -0.7 % , -27.2 % )
0% (0%,0%)
-37.9 % ( -30.8 % , -42.9 % )
-55.4 % ( -44.5 % , -63.5 % )
-36.2 % ( -23.1 % , -47.2 % )
0 % ( 0 % , -3 % )
-25.5 % ( -20 % , -29.6 % )
-41.7 % ( -37.1 % , -42.3 % )
-57.9 % ( -45 % , -67.2 % )
-17.8 % ( 0 % , -33.2 % )

Table 6b: Structural sensitivity analysis: Increasing Epidemic Scenario: Absolute difference between the static and
dynamic models’ prediction of the lowest level of condom consistency tolerated, when the dynamic model is run over a
time horizon of 3 months to 20 years.
Tables S6a and S6b respectively show, for the scenarios where PrEP is introduced at Epidemic Equilibrium and where PrEP is
introduced with Increasing Epidemic under the structural sensitivity analysis, the absolute difference between the static and
dynamic models’ prediction of the lowest level of condom consistency tolerated, when the dynamic model is run over a time
horizon of 3 months to 20 years. The values stated outside the brackets are the absolute difference between the median
values predicted by the static and dynamic models, and the values in the left and right of the bracket are the absolute
difference between the lower and upper 95% credible intervals predicted by the static and dynamic models respectively.

Additional analyses - Fully Endemic scenario
The absolute difference between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the lowest level of condom consistency tolerated over the time
horizon for the additional scenario Fully Endemic (PrEP introduced in 2030) is shown in Table S7.
Fully Endemic Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

Absolute Difference between Initial Condom Consistency and Lowest Level of Condom Consistency on PrEP
3 months

1 year

2 years

5 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.2 % ( 0.2 % , 0.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.1 % ( 0.2 % , 0.1 % )
0.2 % ( 0.2 % , 0.2 % )
0% (0%,0%)
0% (0%,0%)
0.2 % ( 0 % , 0.2 % )
0.2 % ( 0.1 % , 0.2 % )
0.3 % ( 0 % , 0.2 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.7 % ( -1.2 % , -0.8 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.6 % ( -0.6 % , -0.6 % )
-2.8 % ( -3.3 % , -2.3 % )
0% (0%,0%)
0% (0%,0%)
-0.3 % ( -0.3 % , -0.2 % )
-1.8 % ( -2.4 % , -1.4 % )
-5.9 % ( -0.9 % , -5 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.7 % ( -1.8 % , -1.9 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.4 % ( -1.1 % , -1.9 % )
-5.4 % ( -6.3 % , -4.7 % )
0% (0%,0%)
0% (0%,0%)
-0.9 % ( -0.3 % , -1.4 % )
-3.8 % ( -4.4 % , -2.9 % )
-11.4 % ( -7.3 % , -9 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-3.2 % ( -2.3 % , -4.5 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-2.7 % ( -0.9 % , -5.3 % )
-9.6 % ( -10.5 % , -9.3 % )
0 % ( 0 % , -1.8 % )
0% (0%,0%)
-1.5 % ( 0 % , -5 % )
-7 % ( -6.9 % , -7.3 % )
-19.1 % ( -16 % , -15.6 % )
0% (0%,0%)

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-4.5 % ( -2.2 % , -6.8 % )
-5.5 % ( -2 % , -9.7 % )
0 % ( 0 % , -3.4 % )
-0.6 % ( 0 % , -6.9 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-3.4 % ( -0.2 % , -8.3 % )
-4.3 % ( -0.1 % , -12.3 % )
-12.5 % ( -12 % , -14.1 % ) -14.9 % ( -13.4 % , -19.7 % )
-0.1 % ( 0 % , -7.9 % )
-4.8 % ( 0 % , -14.4 % )
0% (0%,0%)
0% (0%,0%)
-2.1 % ( 0.9 % , -8.3 % )
-2.5 % ( 1.5 % , -11.8 % )
-9.1 % ( -8.6 % , -11.5 % ) -11.1 % ( -8.9 % , -16.4 % )
-24.2 % ( -20.5 % , -20.9 % ) -27.9 % ( -24.3 % , -26.7 % )
0% (0%,0%)
0 % ( 0 % , -8.8 % )

Table S7: Absolute difference between the static and dynamic models’ prediction of the lowest level of condom
consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20 years, under the Fully
Endemic scenario.
The values stated outside the brackets are the absolute difference between the median values predicted by the static and
dynamic models, and the values in the left and right of the bracket are the absolute difference between the lower and upper
95% credible intervals predicted by the static and dynamic models respectively.
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Lowest Level of Condom Consistency Tolerated: Tables of percentage change between static and
dynamic model’s outcomes
The percentage change between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the lowest level of condom consistency tolerated in absolute terms
over the time horizon for both the Epidemic Equilibrium and Increasing Epidemic scenarios are
shown in Tables S8a and S8b respectively.
Epidemic Equilibrium Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

% Change between Static and Dynamic Model after
3 months

1 year

2 years

5 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
4.4 % ( -0.7 % , 0.9 % )
0 % ( 2.8 % , -4.3 % )
-5.6 % ( 9.2 % , -14.5 % )
-10 % ( 23.5 % , -36.8 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.9 % ( -2 % , 0.9 % )
0.9 % ( 1.7 % , -0.9 % )
0.9 % ( 10.7 % , -4.6 % )
1.5 % ( 32 % , -13.7 % )
2.8 % ( -1.2 % , 2.6 % ) -13.8 % ( 3.8 % , -8.3 % ) -25.7 % ( 10.5 % , -23.1 % ) -47.7 % ( 26.3 % , -57.7 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.5 % ( -1.9 % , 0.3 % ) 0.9 % ( 1.9 % , -0.3 % )
1.9 % ( 7.5 % , -1.4 % )
3 % ( 27.5 % , -5.3 % )
1 % ( -1.1 % , 0.7 % )
-1.8 % ( 3.2 % , -1.8 % )
-3.8 % ( 8.4 % , -5 % )
-5.8 % ( 22.2 % , -12.9 % )
5.5 % ( 0 % , 1.2 % ) -50.7 % ( 5.8 % , -18.6 % ) -102.7 % ( 11.8 % , -37.7 % ) -175.3 % ( 24.8 % , -79.6 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-8.9 % ( 41.1 % , -64.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
2.1 % ( 100 % , -24.3 % )
-64.2 % ( 100 % , -90.4 % )
0% (0%,0%)
0% (0%,0%)
4.2 % ( 100 % , -11.7 % )
-8.5 % ( 100 % , -23.4 % )
-224.7 % ( 100 % , -115 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-10 % ( 67.2 % , -105.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
3 % ( 92 % , -39.4 % )
-78 % ( 62.6 % , -137.8 % )
0% (0%,0%)
0% (0%,0%)
4.6 % ( 114.4 % , -21.8 % )
-10.8 % ( 66.8 % , -39.2 % )
-263 % ( 53.5 % , -170.7 % )
0% (0%,0%)

Table S8a: Epidemic Equilibrium Scenario: Percentage change between the static and dynamic models’ prediction of the
lowest level of condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20
years.

Increasing Epidemic Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.85
0.7

% Change between Static and Dynamic Model after
3 months

1 year

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-20.7 % ( 9.3 % , -13 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-3.6 % ( 7.1 % , -2.8 % )
-13.9 % ( 3.5 % , -7.5 % )
0% (0%,0%)
0% (0%,0%)
-1.4 % ( 4.5 % , -0.8 % )
-2.3 % ( 2.2 % , -1.3 % )
-18.1 % ( 0 % , -5.1 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-98.9 % ( 50.6 % , -72.4 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-19.4 % ( 40.7 % , -17 % )
-100.9 % ( 27.8 % , -59.4 % )
0% (0%,0%)
0% (0%,0%)
-7.6 % ( 31.2 % , -5.8 % )
-18.5 % ( 22.6 % , -12.8 % )
-205.6 % ( 21.6 % , -63.3 % )
0% (0%,0%)

2 years

5 years

10 years

20 years

0 % ( 87.5 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-165.2 % ( 89.8 % , -129.3 % ) -270.7 % ( 100 % , -223.6 % ) -327.2 % ( 100 % , -287 % ) -263 % ( 100 % , -291.1 % )
0 % ( 41.1 % , 0 % )
0 % ( 89.2 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-32.4 % ( 76.8 % , -32.1 % )
-55.2 % ( 100 % , -58 % )
-67 % ( 100 % , -76.1 % )
-52.1 % ( 100 % , -76.4 % )
-166.7 % ( 48.5 % , -103.1 % ) -263 % ( 83.2 % , -176.9 % ) -315.7 % ( 100 % , -226.3 % ) -274.1 % ( 100 % , -233.1 % )
0% (0%,0%)
0 % ( 52.4 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 76.1 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-12.7 % ( 61.1 % , -11.4 % ) -21.5 % ( 100 % , -22.5 % ) -26.9 % ( 100 % , -30.7 % ) -21.1 % ( 100 % , -33.2 % )
-31.4 % ( 39.9 % , -22.6 % ) -51.1 % ( 73.6 % , -41.9 % )
-61.8 % ( 100 % , -57 % )
-55.2 % ( 100 % , -61 % )
-326.4 % ( 36.8 % , -109 % ) -504.2 % ( 59.8 % , -176.8 % ) -597.2 % ( 100 % , -222 % ) -556.9 % ( 81.7 % , -241.2 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 100 % , 0 % )
0% (0%,0%)

Table S8b: Increasing Epidemic Scenario: Percentage change between the static and dynamic models’ prediction of the
lowest level of condom consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20
years.
Tables S8a and S8b respectively show for the scenarios where PrEP is introduced at Epidemic Equilibrium and where PrEP is
introduced with Increasing Epidemic the percentage change between the static and dynamic models’ prediction of the
lowest level of condom consistency tolerated in absolute terms, when the dynamic model is run over a time horizon of 3
months to 20 years. The percentage change values stated outside the brackets are the percentage change between the
median values predicted by the static and dynamic models, and the values in the left and right of the bracket are the
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percentage change between the lower and upper 95% credible intervals predicted by the static and dynamic models
respectively.

Additional analyses – Structural sensitivity analysis
The percentage change between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the lowest level of condom consistency tolerated in absolute terms
over the time horizon for both the Epidemic Equilibrium and Increasing Epidemic scenarios for the
structural sensitivity analysis are shown in Tables S9a andS 9b respectively.

Structural Sensitivity Analysis
Epidemic Equilibrium Scenario

Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

% Change between Static and Dynamic Model after
3 months
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-33.3 % ( 0 % , -10.7 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-0.4 % ( 0.5 % , -0.3 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.2 % ( 0 % , 0 % )
0.3 % ( 0 % , 0 % )
0% (0%,0%)
0% (0%,0%)

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-533.3 % ( 11.6 % , -114.3 % ) -983.3 % ( 23.7 % , -232.1 % ) -1700 % ( 45.3 % , -439.3 % ) -2183.3 % ( 100 % , -621.4 % ) -2450 % ( 82.6 % , -803.6 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-7.3 % ( 10.7 % , -7.5 % )
-13.9 % ( 22.7 % , -15.9 % ) -24.8 % ( 49.8 % , -34.6 % ) -32.8 % ( 100 % , -53.6 % ) -38.3 % ( 109 % , -75.6 % )
0% (0%,0%)
0 % ( 20 % , 0 % )
0 % ( 37.9 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 70.8 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.7 % ( 8 % , -2 % )
-3.5 % ( 20.1 % , -4.8 % )
-6.5 % ( 47.7 % , -11.8 % )
-8.9 % ( 100 % , -22.5 % ) -11.1 % ( 139.2 % , -34.4 % )
-9.7 % ( 8.6 % , -8.1 % )
-19.4 % ( 17.4 % , -16.5 % ) -35.8 % ( 36.6 % , -34.9 % ) -46.5 % ( 100 % , -52.8 % ) -55.2 % ( 78.7 % , -75.1 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 29.8 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 57.4 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)

Table S9a: Structural sensitivity analysis: Epidemic Equilibrium Scenario: Percentage change between the
static and dynamic models’ prediction of the lowest level of condom consistency tolerated, when the
dynamic model is run over a time horizon of 3 months to 20 years.
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Structural Sensitivity Analysis
Increasing Epidemic Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

% Change between Static and Dyamic Model after
3 months

1 year

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 100 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-385.7 % ( 9.9 % , -96.4 % ) -1814.3 % ( 48.7 % , -471.4 % )-3000 % ( 81.8 % , -796.4 % ) 4771.4 % ( 100 % , -1285.7 % 6057.1 % ( 100 % , -1685.7 % -7100 % ( 100 % , -2035.7 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 68.9 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 90.6 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-5.8 % ( 8 % , -5.4 % )
-30.5 % ( 42 % , -29.6 % )
-52.4 % ( 73.8 % , -51.7 % )
-88 % ( 100 % , -89.5 % ) -113.8 % ( 100 % , -117.7 % ) -137.8 % ( 100 % , -145.9 % )
0% (0%,0%)
0 % ( 30 % , 0 % )
0 % ( 50.7 % , 0 % )
0 % ( 82.6 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 100 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0 % ( 100 % , 0 % )
0 % ( 94.3 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.7 % ( 6.1 % , -1.4 % )
-9.1 % ( 32.8 % , -8 % )
-16 % ( 60.6 % , -14.8 % )
-27.6 % ( 100 % , -27.2 % ) -37.7 % ( 100 % , -38.8 % ) -47.3 % ( 100 % , -52.7 % )
-3.9 % ( 3.3 % , -3.3 % )
-30.8 % ( 24.9 % , -23.6 % ) -53.1 % ( 43.1 % , -40.8 % ) -85.9 % ( 73.2 % , -69.2 % ) -111.1 % ( 100 % , -93.1 % ) -136.7 % ( 100 % , -117.5 % )
0% (0%,0%)
0% (0%,0%)
0 % ( 35.6 % , 0 % )
0 % ( 60 % , 0 % )
0 % ( 100 % , 0 % )
0 % ( 95.9 % , 0 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)

Table S9b: Structural sensitivity analysis: Increasing Epidemic Scenario: Percentage change between the static and
dynamic models’ prediction of the lowest level of condom consistency tolerated, when the dynamic model is run over a
time horizon of 3 months to 20 years.
Tables S9a and S9b respectively show, for the scenarios where PrEP is introduced at Epidemic Equilibrium and where PrEP is
introduced with Increasing Epidemic under the structural sensitivity analysis, the percentage change between the static and
dynamic models’ prediction of the lowest level of condom consistency tolerated in absolute terms, when the dynamic model
is run over a time horizon of 3 months to 20 years. The percentage change values stated outside the brackets are the
percentage change between the median values predicted by the static and dynamic models, and the values in the left and
right of the bracket are the percentage change between the lower and upper 95% credible intervals predicted by the static
and dynamic models respectively.

Additional analyses - Fully Endemic scenario
The percentage change between the median and 95% credible interval (CrI) of the static and
dynamic models’ predictions of the lowest level of condom consistency tolerated in absolute terms
over the time horizon for the additional scenario Fully Endemic (PrEP introduced in 2030) is shown in
Table 10.

287

Fully Endemic Scenario
Initial
PrEP
Condom
Effectiveness
Consistency
0.1
0.25
0.1
0.45
0.1
0.65
0.1
0.85
0.3
0.25
0.3
0.45
0.3
0.65
0.3
0.85
0.5
0.25
0.5
0.45
0.5
0.65
0.5
0.85
0.7
0.25
0.7
0.45
0.7
0.65
0.7
0.85

% Change between Static and Dyamic Model after
3 months

1 year

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
2.1 % ( -1 % , 0.8 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0.3 % ( -1 % , 0.3 % )
1.9 % ( -0.4 % , 1.3 % )
0% (0%,0%)
0% (0%,0%)
0.4 % ( -1.3 % , 0.3 % )
0.5 % ( -0.8 % , 0.5 % )
4.9 % ( 0 % , 1.2 % )
0% (0%,0%)

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-7.4 % ( 4.2 % , -6.7 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.8 % ( 4 % , -1.7 % )
-26.7 % ( 6.7 % , -14.6 % )
0% (0%,0%)
0% (0%,0%)
-0.5 % ( 2.5 % , -0.3 % )
-4.6 % ( 5.4 % , -3.2 % )
-96.7 % ( 9.4 % , -29.4 % )
0% (0%,0%)

2 years

5 years

10 years

20 years

0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-17.9 % ( 10.3 % , -16 % )
-33.7 % ( 24.6 % , -37.8 % ) -47.4 % ( 100 % , -57.1 % ) -57.9 % ( 53.3 % , -81.5 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-4.3 % ( 12 % , -5.4 % )
-8.2 % ( 35.1 % , -15.1 % )
-10.3 % ( 100 % , -23.7 % ) -13.1 % ( 81.6 % , -35.1 % )
-51.4 % ( 13.6 % , -29.9 % )
-91.4 % ( 27 % , -59.2 % )
-119 % ( 100 % , -89.8 % ) -141.9 % ( 57.4 % , -125.5 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
-1.6 % ( 13.2 % , -2.4 % )
-2.6 % ( 44.7 % , -8.5 % )
-3.7 % ( 100 % , -14.1 % )
-4.4 % ( 106.3 % , -20 % )
-9.7 % ( 11.4 % , -6.6 % )
-17.9 % ( 28.5 % , -16.5 % )
-23.3 % ( 100 % , -26 % )
-28.4 % ( 63.7 % , -37.1 % )
-186.9 % ( 16.9 % , -52.9 % ) -313.1 % ( 29.5 % , -91.8 % ) -396.7 % ( 100 % , -122.9 % ) -457.4 % ( 50.5 % , -157.1 % )
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)
0% (0%,0%)

Table S10: Percentage change between the static and dynamic models’ prediction of the lowest level of condom
consistency tolerated, when the dynamic model is run over a time horizon of 3 months to 20 years, under the Fully
Endemic scenario.
The percentage change values stated outside the brackets are the percentage change between the median values predicted
by the static and dynamic models, and the values in the left and right of the bracket are the percentage change between
the lower and upper 95% credible intervals predicted by the static and dynamic models respectively.
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Additional assessment of results
Comparison of static and dynamic model outcomes
Under the scenario that PrEP is introduced at HIV Epidemic Equilibrium, the static and dynamic
models predict very closely at 3 months (<5% relative difference between medians, and <5%
relative difference between model 95% credible intervals (CrIs) - see Supplementary Materials
Tables S2a and S2b), and predict fairly consistently up to a time horizon of 1 year (<10% relative
difference between the median and 95% CrI predictions). After 5 years, the relative difference
between the median model predictions is less than 25% (<35% relative difference between their
95% CrIs); and after 20 years the relative difference between the median model outcomes grows to
up to 35% (up to 100% relative difference their 95% CrIs).
The model outcomes are more consistent over time at lower levels of initial condom consistency
(≤30%), where the relative difference between median predictions is less than 5% (up to 70%
relative difference between 95% CrIs) over the 20-year time horizon. Where both initial condom
consistency is low (≤30%) and PrEP use-effectiveness is high (≥65%), there is no change between
the models’ median predictions (100% relative difference between their 95% CrIs from 10 years).
The differences between the models are more pronounced over time where initial condom
consistencies are higher (≥50%) and the levels of PrEP use-effectiveness achieved are lower (≤45%).
Under the Increasing Epidemic scenario, the comparison between static and dynamic models follow
a similar trend to those under the Epidemic Equilibrium scenario, however the differences between
the models are more pronounced over time. After 1 year the relative difference between the model
medians is up to 45% and up to 55% between the 95% CrIs (in comparison to a relative difference of
no more than 10% between the medians and 95% CrIs under the Epidemic Equilibrium scenario), and
by 5 years, the relative difference between the models is up to 100% (in comparison to less than
25% between model medians and less than 35% between model 95% CrIs under the Epidemic
Equilibrium scenario). After 20 years the differences between the models starts to decrease in
response to the natural plateau and slight decline of the underlying HIV epidemics (Supplementary
Materials Table S2b).
Under the Epidemic Equilibrium scenario, at the lower and upper bounds of initial condom
consistencies explored (10% and 70%) and where PrEP use-effectiveness is 85% (i.e. the maximum
assumed use-effectiveness of condoms35,36), the minimum and maximum whiskers do not protrude
from the interquartile ranges of the box plots, indicating reasonable consistency of results across the
model fits. By contrast, under the Increasing Epidemic scenario, the minimum and maximum
whiskers protrude from the interquartile ranges of the boxplots, other than where PrEP use289

effectiveness is 85% and initial condom consistency is low (≤30%), indicating increased variance in
the results across model fits in comparison to the Epidemic Equilibrium scenario.
Additional analyses – structural sensitivity analysis
Removing the risk parameters relating to ART, circumcision and STIs from the models affects the
difference between the percentage reduction in condom consistency tolerated predicted by the
static and dynamic models in certain conditions. Under the Epidemic Equilibrium scenario, the
notable differences can be seen for initial condom consistencies of 30% upwards and at lower levels
of PrEP use-effectiveness (≤45%), where the differences between the two models’ estimates of
percentage reduction in condom consistency tolerated is greater over time (<35% relative difference
between model medians and <45% between CrIs by 5 years, and <50% relative difference between
medians and CrIs by 20 years) (Supplementary Materials Figure S6 vs. Figure S10, and Table S2a vs.
Table S3a). This is likely in response to differences in the underlying epidemic trajectories, which
level out more quickly where these parameters are not included in the models (as the epidemic
curves do not see the same slight dip after 2014 when male circumcision and ART are assumed to
have reached their highest scale-up coverage), but slightly decrease under the base case.
Accordingly, the slightly higher levels of underlying HIV prevalence in the former scenario result in
increased HIV risk over time in the dynamic model in the cases where there is less protection (i.e.
lower levels of PrEP and greater absolute drops in condom consistency).
Under the Increasing Epidemic scenario, the notable differences are more pronounced at higher
levels of initial condom consistency (≥50%) and higher levels of PrEP use-effectiveness (≥65%)
(<25% relative difference between model medians and CrIs by 5 years, and <30% relative difference
between model medians and <35% between CrIs by 20 years for the Increasing Epidemic scenario)
(Supplementary Materials Figure S8 and Figure S11, and Table S2b vs. Table S3b). Similarly, this is
likely in response to differences in the underlying epidemic trajectories, which continue to slightly
increase over time after levelling out around 2010 where these parameters are not included in the
models, but level out more evenly under the base case. For the same reasons, unlike under the base
analysis, where after 20 years the differences between the models starts to decrease in response to
the natural plateau of the underlying HIV epidemics, the same is not true where the specified risk
parameters are removed from the equations, in which case the underlying epidemics instead slightly
increase over time.
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Additional analyses - Fully Endemic scenario
Introducing PrEP at 2030 when the underlying HIV epidemics are fully endemic in the populations, as
opposed to in 2015 when they have just started to stabilise has little effect on the differences
between the percentage reduction in condom consistency tolerated predicted by the static and
dynamic models. The main differences are that at low levels of PrEP use-effectiveness (25%), the
differences between the models are slightly greater under the Fully Settled Epidemic scenario (up to
25% difference between absolute medians), and whilst the interquartile ranges are narrower under
the Fully Settled Epidemic scenario, the 95% CrIs are slightly wider under this scenario likely owing to
greater uncertainty in epidemic pathways further out in time (Supplementary Materials Figure S14,
and Table S2a vs. Table S4).
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Supplementary Methods
Model Structure
We use a static Bernoulli formulation of HIV risk1. The sexual partners of high-risk women from
population 𝑗𝑗 are assumed to come from populations 𝑖𝑖 in which the proportion HIV infected is 𝑝𝑝𝑖𝑖 . We

assume an average probability of HIV transmission, 𝛽𝛽𝑓𝑓 , per sexual contact with an HIV infected male
partner. High risk women are assumed to have 𝐶𝐶𝑖𝑖 number of partners from each population a year,
with whom they have an average of 𝑛𝑛𝑖𝑖 sex acts a year each. Condoms are assumed to be used with

partners from each population with consistency 𝛾𝛾𝑖𝑖𝑖𝑖 and have an HIV risk reduction efficacy, 𝜀𝜀,
including slippage and breakage. Upon introduction, high-risk women from population 𝑗𝑗 are

assumed to adhere to PrEP at an average level 𝛼𝛼𝑗𝑗 , which corresponds to a level of HIV risk reduction,
𝜃𝜃𝛼𝛼𝑗𝑗 . They are assumed to have 12-month program retention levels 𝑟𝑟𝑗𝑗 . Sex acts are assumed to be

peno-vaginal, the predominant pathway of HIV transmission to heterosexual women in sub-Saharan
Africa.2

1.0 Individual level - Simple tools to help guide PrEP programme decision making
1.1 Assessment of HIV risk by risk factor
For the first analysis of HIV risk, we consider a simple model of HIV risk to a single high-risk woman
with partners drawn from a single male population. HIV risk to an individual high-risk woman in the
absence of PrEP is given by
𝑛𝑛

𝐶𝐶

𝜋𝜋(0) = 1 − �𝑝𝑝 � 1 − 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝜀𝜀)� + (1 − 𝑝𝑝)� ,

(S1.1)

and on PrEP is
𝑛𝑛

𝜋𝜋(𝜃𝜃𝛼𝛼𝑗𝑗 ) = 1 − �𝑝𝑝 � 1 − 𝛽𝛽𝑓𝑓 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀)� + (1 − 𝑝𝑝)�

𝐶𝐶

(S1.2)

Using equations (S1.1) and (S1.2), HIV risk reduction on PrEP is given by
𝜋𝜋(0) − 𝜋𝜋(𝜃𝜃𝛼𝛼𝑗𝑗 )

(S1.3)
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In order to parameterise the model to the spectrum of HIV risk faced by women in sub-Saharan
Africa, equation (S1.1) was simulated across the parameter ranges set out in Supporting Information:
Methods – Table S2, yielding 720,000 distinct parameter sets.

1.2 Simple rule to estimate relative cost-effectiveness
In estimating the relative cost-effectiveness among women at risk, we considered two high-risk
women of different risk. One woman is drawn from a traditionally higher-risk population (e.g. female
sex workers (FSW)) and the other from a relatively lower-risk female population (e.g. adolescent girls
and young women aged 15-24 years (AGYW)), denoted 𝐻𝐻and 𝐿𝐿 respectively. For simplicity, each

high-risk woman is assumed to draw their partners from one population group.

Analysis was conducted over a one-year timeframe, as PrEP is intended for seasons of risk, and few
PrEP demonstration programs have achieved significant retention in women in this context beyond
the first 12 months.3,4 Let 𝜋𝜋𝐻𝐻 and 𝜋𝜋𝐿𝐿 denote the respective HIV risk for each woman, with subscripts
𝐻𝐻and 𝐿𝐿 denoting high and low risk groups Let $𝑋𝑋𝐻𝐻 and $𝑋𝑋𝐿𝐿 be the 12-month unit costs of PrEP for

each woman (the incremental cost of PrEP for a woman retained in a PrEP program over a 12-month
period).

Then the cost of averting one HIV infection with PrEP per year is

$𝑋𝑋𝐻𝐻
𝜋𝜋𝐻𝐻 (0)−𝜋𝜋𝐻𝐻 �𝜃𝜃𝛼𝛼𝐻𝐻 �

and

$𝑋𝑋𝐿𝐿
𝜋𝜋𝐿𝐿 (0)−𝜋𝜋𝐿𝐿 �𝜃𝜃𝛼𝛼𝐿𝐿 �

respectively. PrEP will become equally cost-effective in the lower-risk group as it is in the higher-risk
group where:
$𝑋𝑋𝐿𝐿
𝜋𝜋𝐿𝐿 (0)−𝜋𝜋𝐿𝐿 �𝜃𝜃𝛼𝛼𝐿𝐿 �

$𝑋𝑋𝐻𝐻
(0)−𝜋𝜋
𝐻𝐻
𝐻𝐻 �𝜃𝜃𝛼𝛼𝐻𝐻 �

= 𝜋𝜋

(S1.4)

Equation (S1.4) can be expressed as
$𝑋𝑋𝐿𝐿
$𝑋𝑋𝐻𝐻

=

𝜋𝜋𝐿𝐿 (0)−𝜋𝜋𝐿𝐿 �𝜃𝜃𝛼𝛼𝐿𝐿 �

𝜋𝜋𝐻𝐻 (0)−𝜋𝜋𝐻𝐻 �𝜃𝜃𝛼𝛼𝐻𝐻 �

(S1.5)

To derive a simple formulation of equation (S1.5) that is intuitive for policy makers and programmers
in practical real-world settings, we simplify equations (S1.1) and (S1.2) using binomial theorem.
Using the example of equation (S1.2), where 𝛽𝛽(1 − 𝑟𝑟𝜃𝜃𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀) ≪ 1 we have:
𝐶𝐶

𝜋𝜋(𝜃𝜃𝛼𝛼𝑗𝑗 ) ≈ 1 − �𝑝𝑝 � 1 − 𝑛𝑛𝛽𝛽𝑓𝑓 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀)� + (1 − 𝑝𝑝)�
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≈ 1 − �1 − 𝑝𝑝𝑝𝑝𝑝𝑝 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀)�

𝐶𝐶

for 𝑝𝑝𝑝𝑝𝑝𝑝 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀) ≪ 1,

𝜋𝜋(𝜃𝜃𝛼𝛼𝑗𝑗 ) ≈ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀).

(S1.6)

In other words, the HIV risk reduction to an individual on PrEP can be approximated by the total
number of sex acts per unit time multiplied by the partner HIV prevalence, the basic risk of HIV
transmission through peno-vaginal sex (0.0006 - 0.00115), the average proportion of sex acts not
protected by condoms, and the use-effectiveness of PrEP. The use-effectiveness of PrEP is defined as
the HIV-risk reduction through use of PrEP at a given level of adherence, for a population with a
given average program retention level.

Thus the risk reduction in equation (S1.3) is approximately
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(1 − 𝜀𝜀𝜀𝜀) − 𝐶𝐶𝐶𝐶𝐶𝐶𝛽𝛽 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀), and simplifies to
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(1 − 𝜀𝜀𝜀𝜀)𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 .

(S1.7)

Therefore, when 𝛽𝛽 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀) ≪ 1 and 𝑝𝑝𝑝𝑝𝑝𝑝 �1 − 𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 � (1 − 𝜀𝜀𝜀𝜀) ≪ 1,the condition for

equal cost-effectiveness in equation (S1.5) between two populations with different risk levels
becomes:
$𝑋𝑋𝐿𝐿
$𝑋𝑋𝐻𝐻

=

𝐶𝐶𝐿𝐿 𝑛𝑛𝐿𝐿 𝑝𝑝𝐿𝐿 (1−𝜀𝜀𝛾𝛾𝐿𝐿 )𝑟𝑟𝐿𝐿 𝜃𝜃𝛼𝛼𝐿𝐿

𝐶𝐶𝐻𝐻 𝑛𝑛𝐻𝐻 𝑝𝑝𝐻𝐻 (1−𝜀𝜀𝛾𝛾𝐻𝐻 )𝑟𝑟𝐻𝐻 𝜃𝜃𝛼𝛼𝐻𝐻

(S1.8)

The relationship on relative cost of PrEP is summarised as follows.
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1.3 Relative risk reduction on PrEP
Using equation (S1.5) we calculate the relative risk reduction on PrEP between a higher- and lowerrisk woman. To obtain a spectrum of HIV risk faced by both populations reflective of the sub-Saharan
African settings, we simulated across the parameter ranges set out in Supporting Information:
Methods – Table S2, yielding 7,920,000 distinct parameter sets.

2.0 Population level – country case studies
We modify the risk equations (S1.1) and (S1.2) to consider HIV risk and the scale-up of PrEP at a
population rather than individual level.
The total population size of high-risk women of type 𝑗𝑗 is 𝑁𝑁𝑗𝑗 , in which the prevalence of HIV is 𝑝𝑝𝑗𝑗 . The
coverage of PrEP in the population is 𝜔𝜔𝑗𝑗 .

In the process of parameterising the model to specific high-risk women populations, we develop the

risk equations to also account for population-specific STI levels, levels of viral load suppression due
to ART in HIV positive partners and male circumcision.
The parameter 𝑠𝑠𝑖𝑖𝑖𝑖 is the probability that at least one person in the partnership between high risk

woman from population 𝑗𝑗 and partner from population 𝑖𝑖 has an STI and 𝛿𝛿 is the multiplicative

increase in per sex act probability of HIV transmission in the presence of an STI.

Parameter 𝜗𝜗𝑖𝑖 is the proportion of HIV+ partners from population 𝑖𝑖 that are virally suppressed on ART
and 𝜚𝜚 models the average reduction in the probability of HIV transmission due to viral suppression

on ART. The parameter 𝜏𝜏𝑖𝑖 is the proportion of male partner population 𝑖𝑖 that are circumcised and
𝜎𝜎 is the average reduction in probability HIV transmission to women, when the male partner has
been circumcised.

Where high-risk women from population 𝑗𝑗 have partners drawn from a single male population, their

HIV risk for a 12-month period is in the absence of PrEP is given by (leaving the j denotation to
improve readability):
𝐶𝐶

Π(0) = 1 − �𝑝𝑝(𝜓𝜓(1−𝜏𝜏),0 + 𝜓𝜓𝜏𝜏,0 ) + (1 − 𝑝𝑝)�
Where:
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𝜓𝜓(1−𝜏𝜏),0 = (1 − 𝜏𝜏)�(1 − 𝜗𝜗)𝑠𝑠( 1 − 𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − 𝜍𝜍)𝑛𝑛 + 𝜗𝜗𝑠𝑠( 1 − (1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛
+ 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜚𝜚)𝜍𝜍)𝑛𝑛 �

𝜓𝜓𝜏𝜏,0 = 𝜏𝜏�(1 − 𝜗𝜗)𝑠𝑠( 1 − (1 − 𝜎𝜎)𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)𝜍𝜍)𝑛𝑛

+ 𝜗𝜗𝑠𝑠( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛 + 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜍𝜍)𝑛𝑛 �

and 𝜍𝜍 = 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝜀𝜀)

(S2.1)

For women on PrEP we have
Π(𝑟𝑟𝜃𝜃𝛼𝛼 ) = 1 − �𝑝𝑝(𝜓𝜓(1−𝜏𝜏),𝑟𝑟𝑟𝑟𝛼𝛼 + 𝜓𝜓𝜏𝜏,
Where:

𝑟𝑟𝑟𝑟𝛼𝛼 ) +

(1 − 𝑝𝑝)�

𝐶𝐶

𝜓𝜓(1−𝜏𝜏), 𝑟𝑟𝑟𝑟𝛼𝛼 = (1 − 𝜏𝜏)�(1 − 𝜗𝜗)𝑠𝑠( 1 − 𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − 𝜅𝜅)𝑛𝑛 + 𝜗𝜗𝑠𝑠( 1 − (1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛
+ 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜚𝜚)𝜅𝜅)𝑛𝑛 �

𝜓𝜓𝜏𝜏, 𝑟𝑟𝑟𝑟𝛼𝛼 = 𝜏𝜏�(1 − 𝜗𝜗)𝑠𝑠( 1 − (1 − 𝜎𝜎)𝛿𝛿𝛿𝛿)𝑛𝑛 + (1 − 𝜗𝜗)(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)𝜅𝜅)𝑛𝑛

+ 𝜗𝜗𝑠𝑠( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝛿𝛿)𝑛𝑛 + 𝜗𝜗(1 − 𝑠𝑠)( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜅𝜅)𝑛𝑛 �

and 𝜅𝜅 = 𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝜀𝜀)

(S2.2)

Similarly, when high-risk women from population 𝑗𝑗 have partners drawn from two male populations

𝑖𝑖 = 1, 2, their HIV risk for a 12-month period is in the absence of PrEP is given by
𝐶𝐶

𝐶𝐶2

1
2
1
2
Π(0) = 1 − �𝑝𝑝1 (𝜓𝜓(1−𝜏𝜏),0
+ 𝜓𝜓𝜏𝜏,0
) + (1 − 𝑝𝑝1 )� 1 �𝑝𝑝2 (𝜓𝜓(1−𝜏𝜏),0
+ 𝜓𝜓𝜏𝜏,0
) + (1 − 𝑝𝑝2 )�

Where

1
𝜓𝜓(1−𝜏𝜏),0
= (1 − 𝜏𝜏1 )�(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − 𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − 𝜍𝜍1 )𝑛𝑛1

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜚𝜚)𝜍𝜍1 )𝑛𝑛1 �

1
𝜓𝜓𝜏𝜏,0
= 𝜏𝜏1 �(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)𝜍𝜍1 )𝑛𝑛1

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜍𝜍1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜍𝜍1 )𝑛𝑛1 �

𝜍𝜍1 = 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝛾𝛾1 )

and
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2
= (1 − 𝜏𝜏2 )�(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − 𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − 𝜍𝜍2 )𝑛𝑛2
𝜓𝜓(1−𝜏𝜏),0

+ 𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜚𝜚)𝜍𝜍2 )𝑛𝑛2 �

2
𝜓𝜓𝜏𝜏,0
= 𝜏𝜏2 �(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)𝜍𝜍2 )𝑛𝑛2

+ 𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜍𝜍2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜍𝜍2 )𝑛𝑛2 �

𝜍𝜍2 = 𝛽𝛽𝑓𝑓 (1 − 𝜀𝜀𝛾𝛾2 )

(S2.3)

When enrolled on a PrEP program:
𝐶𝐶

𝐶𝐶2

1
1
2
1
2
Π(𝑟𝑟𝜃𝜃𝛼𝛼 ) = 1 − �𝑝𝑝1 (𝜓𝜓(1−𝜏𝜏),
𝑟𝑟𝑟𝑟𝛼𝛼 + 𝜓𝜓𝜏𝜏, 𝑟𝑟𝑟𝑟𝛼𝛼 ) + (1 − 𝑝𝑝1 )� �𝑝𝑝2 (𝜓𝜓(1−𝜏𝜏), 𝑟𝑟𝑟𝑟𝛼𝛼 + 𝜓𝜓𝜏𝜏, 𝑟𝑟𝑟𝑟𝛼𝛼 ) + (1 − 𝑝𝑝2 )�

Where

1
𝑛𝑛1
𝜓𝜓(1−𝜏𝜏),
+ (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − 𝜅𝜅1 )𝑛𝑛1
𝑟𝑟𝑟𝑟𝛼𝛼 = (1 − 𝜏𝜏1 )�(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − 𝛿𝛿𝜅𝜅1 )

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜅𝜅1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜚𝜚)𝜅𝜅1 )𝑛𝑛1 �

1
𝑛𝑛1
𝜓𝜓𝜏𝜏,
+ (1 − 𝜗𝜗1 )(1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)𝜅𝜅1 )𝑛𝑛1
𝑟𝑟𝑟𝑟𝛼𝛼 = 𝜏𝜏1 �(1 − 𝜗𝜗1 )𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜅𝜅1 )

+ 𝜗𝜗1 𝑠𝑠1 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜅𝜅1 )𝑛𝑛1 + 𝜗𝜗1 (1 − 𝑠𝑠1 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜅𝜅1 )𝑛𝑛1 �

𝜅𝜅1 = 𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾1 )

And

2
𝑛𝑛2
+ (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − 𝜅𝜅2 )𝑛𝑛2
𝜓𝜓(1−𝜏𝜏),
𝑟𝑟𝑟𝑟𝛼𝛼 = (1 − 𝜏𝜏2 )�(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − 𝛿𝛿𝜅𝜅2 )

+ 𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜚𝜚)𝛿𝛿𝜅𝜅2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜚𝜚)𝜅𝜅2 )𝑛𝑛2 �

𝜓𝜓𝜏𝜏,2 𝑟𝑟𝑟𝑟𝛼𝛼 = 𝜏𝜏2 �(1 − 𝜗𝜗2 )𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)𝛿𝛿𝜅𝜅2 )𝑛𝑛2 + (1 − 𝜗𝜗2 )(1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)𝜅𝜅2 )𝑛𝑛2

+ 𝜗𝜗2 𝑠𝑠2 ( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝛿𝛿𝜅𝜅2 )𝑛𝑛2 + 𝜗𝜗2 (1 − 𝑠𝑠2 )( 1 − (1 − 𝜎𝜎)(1 − 𝜚𝜚)𝜅𝜅2 )𝑛𝑛2 �

𝜅𝜅2 = 𝛽𝛽𝑓𝑓 (1 − 𝑟𝑟𝑟𝑟𝛼𝛼 )(1 − 𝜀𝜀𝛾𝛾2 )

(S2.4)

All models were programmed in R version 3.3.26.

2.1 Country case studies
We apply the models to South Africa, Zimbabwe and Kenya, which are have generalised high
prevalence HIV epidemics.7–10 These countries were chosen as case studies as they span a range of
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HIV burden levels in the region, they have each have adopted a national PrEP strategy,11,12,13 and
been at the forefront of PrEP roll-out in sub-Saharan Africa14.
In each country, we consider four groups of women at high risk of HIV through heterosexual
transmission2,7,8,9: 𝑗𝑗 = {FSW, adolescent girls and young women aged 15-24 years (AGYW), women

25-34 years and women 35-49 years}.

FSW are assumed to have partners drawn from two populations: regular partners and clients. AGYW
are assumed to have partners drawn from their own age group and also the 25-34 years age group,
given that 17% and 14% women 15-19 years report relationships with men at least 10 years older in
Zimbabwe15 and Kenya16 respectively, and 36% South African women 15-19 years report
relationships with men at least 5 years older.7 Women 25-34 years and women 35-49 years are
assumed to have partners drawn from their own age groups.

Data ranges to parameterise the models of HIV risk for each high-risk female group were drawn from
the latest available in the literature and fitted to the latest national estimates of HIV incidence by
group (see Supporting Information: Methods: Table S2) using Latin Hypercube Sampling (R PSE
Package17) to yield at least 200 sets of parameter fits for each high-risk woman population modelled.

2.2 Assessment of cost-effectiveness of scaling-up PrEP
Given the significantly higher individual HIV risk faced by FSW,2 a priority group for PrEP roll-out in
these settings,11,12,13 we assumed FSW as the benchmark for assessment of cost-effectiveness.
Let $𝑌𝑌𝑗𝑗 be the unit cost per high risk woman from population 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹 retained in a PrEP program

for population 𝑗𝑗, with 12-month retention level 𝑟𝑟𝑗𝑗 , and $𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹 the equivalent unit cost for a FSW PrEP
program per FSW retained with 12-month retention level 𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 .

Then the program’s cost to avert 1 infection per year due to PrEP in each population is
$𝑌𝑌𝑗𝑗

Π𝑗𝑗 (0)−Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 )

and Π

$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹

𝐹𝐹𝐹𝐹𝐹𝐹 (0)−Π𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝜃𝜃𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 )

respectively.

A PrEP program for high risk population 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹 will then be equally as cost-effective per infection

averted due to PrEP, as it is for FSW where
$𝑌𝑌𝑗𝑗

$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹

=

Π𝑗𝑗 (0)−Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 )

Π𝐹𝐹𝐹𝐹𝐹𝐹 (0)−Π𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝜃𝜃𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 )
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(S2.5)
To determine the coverage, 𝜔𝜔𝑗𝑗 , of PrEP in high-risk woman population 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹 needed to achieve

the same risk reduction as coverage 𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹 in FSW, we have:

𝜔𝜔𝑗𝑗 𝑁𝑁𝑗𝑗 (1 − 𝑝𝑝𝑗𝑗 ) �Π𝑗𝑗 (0) − Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 )� = 𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹 𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1 − 𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 )�Π𝐹𝐹𝐹𝐹𝐹𝐹 (0) − Π𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝜃𝜃𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 )� ,

(S2.6)

when
𝜔𝜔𝑗𝑗 = 𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹

𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1−𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 )�Π𝐹𝐹𝐹𝐹𝐹𝐹 (0)−Π𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝜃𝜃𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 )�
𝑁𝑁𝑗𝑗 (1−𝑝𝑝𝑗𝑗 )�Π𝑗𝑗 (0)−Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 )�

.
(S2.7)

These levels of coverage would be at a relative total cost given by
$𝑌𝑌𝑗𝑗 𝜔𝜔𝑗𝑗 𝑁𝑁𝑗𝑗 (1−𝑝𝑝𝑗𝑗 )

$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹 𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹 𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1−𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 )

(S2.8)

If PrEP were scaled up at equal coverage in both populations, then the relative number of infections
averted per year in high-risk woman population 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹with respect to the FSW population would

be:

𝑁𝑁𝑗𝑗 (1−𝑝𝑝𝑗𝑗 )(Π𝑗𝑗 (0)−Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 ))

𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1−𝑝𝑝𝐹𝐹𝐹𝐹𝑊𝑊 )(Π𝐹𝐹𝐹𝐹𝐹𝐹 (0)−Π𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝜃𝜃𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 ))

(S2.9)

This is equivalent to the relative total maximum number of infections averted per year if PrEP
programs were scaled up to all HIV negative women in each population.

For each $100𝑘𝑘 available for PrEP programming for each population, the estimated number of

infections averted a year in each population would be:
In high-risk women 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹
$100𝑘𝑘
(Π𝑗𝑗 (0) −
$𝑌𝑌𝑗𝑗

Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 )),
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and in FSW
$100𝑘𝑘
(𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (0) −
$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹

𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝜃𝜃𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 ))

(S2.10)

The proportion of the potential total number of infections that could be averted a year in each
population with $100𝑘𝑘 is:

In high-risk women 𝑗𝑗 ≠ 𝐹𝐹𝐹𝐹𝐹𝐹
$100𝑘𝑘.(Π𝑗𝑗 (0)−Π𝑗𝑗 (𝑟𝑟𝑗𝑗 𝜃𝜃𝛼𝛼𝑗𝑗 ))
$𝑌𝑌𝑗𝑗 .𝑁𝑁𝑗𝑗 (1−𝑝𝑝𝑗𝑗 ).Π𝑗𝑗 (0)

,

and in FSW

$100𝑘𝑘.(𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (0)−𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝜃𝜃𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹 ))
$𝑌𝑌𝐹𝐹𝐹𝐹𝐹𝐹 .𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 (1−𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹 ).𝛱𝛱𝐹𝐹𝐹𝐹𝐹𝐹 (0)

(S2.11)

Estimating costs of PrEP to each high-risk group of women
We estimated the costs of offering PrEP to each high-risk group of women. FSW were assumed to be
offered PrEP through programmes with outreach and community mobilisation components. All
other women were assumed to be offered PrEP through sexual and reproductive health services,
with services for AGYW having larger counselling components. We reviewed cost data from
demonstration projects and previous PrEP costing publications in Kenya18,19 and South Africa.3 We
disaggregated cost estimates into service delivery and drug costs. For our calculations, we replaced
reported drug costs by a range of USD57-80 per year. The lower bound is the internationally traded
value of USD3.75 with a 25% top up of freight and distribution costs in country (15% shipping and
handling charges, and 10% for drug distribution costs).20 The high bound is the highest reported
price for drugs in the demonstration projects - 30 days TDF/FTC at USD6.75. For Zimbabwe, in
addition to drug costs, we transferred non-tradable components of South African estimates using
purchasing power parities21 following standard methods.22 We adjusted all previously published
costs to USD 2017.23 The amounts and detailed assumptions underpinning the estimated unit costs
for each high-risk women group by country are set out in Table S1 below.
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Table of Estimated Unit Costs for High-Risk Women Populations in South Africa, Zimbabwe and Kenya
Country

Population

Unit cost
(min - max)

South Africa

FSW

190 – 210

Service
delivery
excl. drugs
130

South Africa

AGYW (15-24y)

149 – 169

89

57 - 80

South Africa

Women (25-34y)

128 – 148

68

57 - 80

South Africa

Women (35-49y)

87 – 107

27

57 - 80

Zimbabwe

FSW

293 – 317

237

57 - 80

Drugs only
(min - max)
57 - 80

Comments
Unit costs measured during a demonstration project in Johannesburg and
Pretoria via FSW clinics. Costs reported by Eakle et al3 included direct costs
(eg, antiretrovirals, laboratory tests and consumables, labour and equipment)
and indirect costs (eg, management, utilities, and transportation). We
allocated outreach, demand creation and HCT costs to a unit cost of per
person-year on PrEP as these were reported separately.
Unit costs estimated from local data and with input from several
demonstration projects in South Africa. Costs reported by Meyer-Rath et al24
included direct costs (eg, antiretrovirals, laboratory tests and consumables,
labour and equipment), indirect costs (eg, management, utilities, and
transportation), and outreach, demand creation and HCT costs. These
estimates reflect the authors’ estimation of costs among female adolescents.
Unit costs estimated from local data and with input from several
demonstration projects in South Africa. Costs reported by Meyer-Rath et al24
included direct costs (eg, antiretrovirals, laboratory tests and consumables,
labour and equipment), indirect costs (eg, management, utilities, and
transportation), and outreach, demand creation and HCT costs. These
estimates reflect the authors’ estimation of costs among young women.
Unit costs estimated from local data and with input from several
demonstration projects in South Africa. Costs reported by Meyer-Rath et al24
included direct costs (eg, antiretrovirals, laboratory tests and consumables,
labour and equipment), indirect costs (eg, management, utilities, and
transportation), and outreach, demand creation and HCT costs. These
estimates reflect the authors estimation of costs among pregnant women we assumed for this lowest risk population, the cost will be similar to those
attending ANC.
Drug costs were kept constant and we adjusted service costs in South Africa
using PPP index.25
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Zimbabwe

AGYW (15-24y)

219 – 243

163

57 - 80

Zimbabwe

Women (25-34y)

181 - 204

124

57 - 80

Zimbabwe

Women (35-49y)

106 - 130

50

57 - 80

Kenya

FSW

399 - 423

343

57 - 80

Kenya

AGYW (15-24y)

358 - 382
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57 - 80

Kenya

Women (25-34y)

294 - 318

238

57 - 80

Kenya

Women (35-49y)

185 - 209

129

57 - 80

Drug costs were kept constant and we adjusted service costs in South Africa
using PPP index.25
Drug costs were kept constant and we adjusted service costs in South Africa
using PPP index.25
Drug costs were kept constant and we adjusted service costs in South Africa
using PPP index.25
Unit costs measured in preparation for a demonstration project in Nairobi via
SWOP clinics (for FSW). Costs reported by Cremin et al18 included direct costs
(eg, antiretrovirals, laboratory tests and consumables, labour and equipment),
related costs (eg, outreach and demand creation), and indirect costs (eg,
management, utilities, and transportation).
Unit costs measured as part of a demonstration project aiming to integrate
PrEP into routine maternal and child health and family planning clinics in
western Kenya. Costs reported by Roberts et al19 included fixed (start-up
costs, such as microplanning and training, capital, overheads (e.g. building
costs, transportation, and airtime) and administrative and supervisory
personnel) or variable (drugs, clinical personnel direct service costs,
laboratory testing, and other supplies). These estimates reflect the authors
measurement of costs among the highest risk subpopulation in the general
population.
Unit costs measured as part of a demonstration project aiming to integrate
PrEP into routine maternal and child health and family planning clinics in
western Kenya. Costs reported by Roberts et al19 included fixed (start-up
costs, such as microplanning and training, capital, overheads (e.g. building
costs, transportation, and airtime) and administrative and supervisory
personnel) or variable (drugs, clinical personnel direct service costs,
laboratory testing, and other supplies). These estimates reflect the authors
measurement of costs among all women.
Unit costs measured as part of a demonstration project aiming to integrate
PrEP into routine maternal and child health and family planning clinics in
western Kenya. Costs reported by Roberts et al19 included fixed (start-up
costs, such as microplanning and training, capital, overheads (e.g. building
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costs, transportation, and airtime) and administrative and supervisory
personnel) or variable (drugs, clinical personnel direct service costs,
laboratory testing, and other supplies). These estimates reflect the authors
measurement of costs among all women excluding screening costs.

Table S1: Table of Estimated Unit Costs for High-Risk Women Populations in South Africa, Zimbabwe and Kenya.
The estimated unit costs for FSW, AGYW, women 25-34 years and women 35-49 years are shown disaggregated by the portion that is service delivery costs and the portion that is drug costs.
The costs were calculated in line with the methodology set out in Supporting Information: Methods. The far right hand side column of the table sets out addition comments about specific
assumptions made in calculating the data.
*For our calculations, we replaced reported drug costs by a range of USD57-80. The low bound is the internationally traded value of USD3.75
(https://www.theglobalfund.org/media/5813/ppm_arvreferencepricing_table_en.pdf) plus 25% top up of freight and distribution costs in country (15% shipping and handling charges, and
10% for drug distribution costs). The high bound is the highest reported price for drugs in the demonstration projects - 30 days TDF/FTC at USD6.75.
**transferability of costs between countries followed standard guidelines (https://pdfs.semanticscholar.org/36ab/74fd24fb883db703c475364c34ad574a3f35.pdf)
*** Purchasing Power Parities (PPP)
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Model calibration
The data used in the parameterisation and fitting of the models for all 3 country case studies shown in Table S2.
Parameter
Epidemic parameters
FSW: HIV incidence, per 100
person years

Symbol

Estimate
(Low-High)

Kenya
References

Estimate
(Low-High)

𝑖𝑖𝐹𝐹𝐹𝐹𝐹𝐹

3.9 (2.2-5.6)

Nairobi, 201126
Nairobi, 200827
Estimate is midpoint.
For context, 2.6
Mombasa, 200628

5.87 (5.556.21)

Zimbabwe
References

Estimate
(Low-High)
7.2 (4.5-9.8)

CAPRISSA 002 200830

1.51 (1.31-1.71)

2016 estimates32

1.045 (0.871.22)

National estimates,
201733
2017 estimates34. Low
and High are min and
max across all ages
within range.
2017 estimates34. Low
and High are min and
max across all ages
within range.
2013 size estimation36

𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑖𝑖𝑊𝑊25−34

0.28 (0.137 –
0.490)
0.25 (0.120 –
0.431)

UNAIDS 2018
Estimates31
UNAIDS 2018
Estimates31

0.53 (0.13,
0.93)
1.11 (0.41,
1.80)

Women 35-49 years: HIV
incidence, per 100 person
years

𝑖𝑖𝑊𝑊35−49

0.16 (0.078–
0.282)

UNAIDS 2018
Estimates31

0.42 (0.00,
0.92)

2016 estimates32

0.665 (0.490.84)

134

45

2017 estimates29

138

4,067

2013 size
estimation35
2009 census37

1,304

2012 census38

4,901

2,935

2009 census37

1,089

2012 census38

5,366

𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹

𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑁𝑁𝑊𝑊25−34

References

2017 estimates29.
95% confidence
intervals (CIs)
estimated assuming
binomially
distributed, based
on population size
and proportion
HIV2016 estimates32

AGYW: HIV incidence, per 100
person years
Women 25-34 years: HIV
incidence, per 100 person
years

FSW: Population size, in
1,000s of women
AGYW: Population size, in
1,000s of women
Women 25-34 years:
Population size, in 1,000s of
women

South Africa

2018 mid-year
estimates39
2018 mid-year
estimates39
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Parameter

Symbol

Estimate
(Low-High)
2,374

Women 34-49 years:
Population size, in 1,000s of
women
Clients of FSW: HIV
prevalence

𝑁𝑁𝑊𝑊35−49
𝑝𝑝𝑐𝑐

0.165 (0.135-0
.194)

Men in general population 1549 years: HIV prevalence

𝑠𝑠𝑝𝑝𝑀𝑀15−49

0.045 (0.04480.0451)

Men 15-24 years: HIV
prevalence

𝑝𝑝𝑀𝑀15−24

0.011 (0.005-0
.018)

Men 25-34 years: HIV
prevalence

𝑝𝑝𝑀𝑀25−34

0.054 (0.039-0
.068)

Kenya
References
2009 census37

Estimate
(Low-High)
817

Zimbabwe
2012 census38

Estimate
(Low-High)
5,354

References

South Africa
References
2018 mid-year
estimates39

Truck drivers,
Kenya, 200540
Maximum county
male prevalence
(Siaya, males, 15-49
years), 20179
Estimate is midpoint.
0.045 Males 15-49,
20179.
0.044 (0.036-0.052)
males 15-64 years,
KAIS, 201243. Use
KAIS estimates as
consistent with
estimates used for
individual age
ranges below. No CI
for 2017 estimate,
but fits within CI of
KAIS
KAIS, 201243

0.273 (0.248,
0.295)

Long distance truck
drivers, 200541

0.339 (0.275 –
0.410)

Non-residents (study
proxy for migrant
work), men, from
KwaZulu-Natal, South
Africa, 2004.42

0.107 (0.10660.1074)

2016 estimates32
95% CI estimated
assuming
binomially
distributed, based
on population size38

0.148 (0.133 –
0.165)

National estimates,
20177

0.030 (0.02970.03030)

0.039 (0.014 –
0.06)

AIDSInfo 201731

KAIS, 201243

0.060 (0.05950.0605)

2016 estimates32
95% CI estimated
assuming
binomially
distributed, based
on population size38
2016 estimates32
95% CI estimated
assuming

0.124-0.184

Min and max of 5-year
age categories (full
national results not yet
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Parameter

Symbol

Estimate
(Low-High)

Kenya
References

Estimate
(Low-High)

Zimbabwe

Men 35-49 years: HIV
prevalence

𝑝𝑝𝑀𝑀35−49

0.064 (0.051-0
.076)

35 years+, KAIS,
201243

0.237 (0.236-0
.238)

FSW: HIV prevalence

𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹

0.293 (0.290,0
.295)

0.571 (0.5660.576)

AGYW: HIV prevalence
Women 25-34 years: HIV
prevalence

𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑝𝑝𝑊𝑊25−34

0.03 (0.022-0.
038)
0.073 (0.06-0.
087)

2013 size
estimation35
95% CI estimated
assuming
binomially
distributed, based
on population size
KAIS, 201243

Women 35-49 years: HIV
prevalence

𝑝𝑝𝑊𝑊35−49

0.093 (0.083-0
.113)

𝐶𝐶𝑐𝑐_𝐹𝐹𝐹𝐹𝐹𝐹

320 (276-364)

Behavioural parameters
FSW: number of client
partners/ year

References
binomially
distributed, based
on population size38
2016 estimates32
95% CI estimated
assuming
binomially
distributed, based
on population size38
AIDSInfo 201731
95% CI estimated
assuming
binomially
distributed, based
on population size38

Estimate
(Low-High)

South Africa
released). National
estimates, 201733

0.224-0.248

Min and max of 5-year
age categories (full
national results not yet
released). National
estimates, 201733

0.689 (0.5650.812)

FSW Johannesburg,
South Africa, 2014.44
Estimate is
midpoint.0.10

AIDSInfo 201731

0.059 (0.05860.0594)
0.182 (0.18130.1827)

2016 estimates32
2016 estimates32

0.102 (0.046–
0.148)
0.275-0.347

35 years+, KAIS,
201243

0.282 (0.281-0
.283)

2016 estimates32

0.303-0.394

Monthly liaisons
x12, FSW at
hotspots along

360 (234-486)

Across studies46,47
Estimate is
midpoint.

424 (312 – 504)

KAIS, 201243

References

Min and max of 5-year
age categories (full
national results not yet
released). National
estimates, 201733
Min and max of 5-year
age categories (full
national results not yet
released). National
estimates, 201733
Mean monthly
reported number of
clients per FSW,
multiplied by 12.48
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Parameter

Symbol

Estimate
(Low-High)

FSW: number of regular
partners from male
population 15-49 years/ year

𝐶𝐶𝑀𝑀15−49_𝐹𝐹𝐹𝐹𝐹𝐹

(1-4)

FSW: number of sex acts per
client/ year

𝑛𝑛𝑐𝑐_𝐹𝐹𝐹𝐹𝐹𝐹

1.59 (1-2.17)

FSW: number of sex acts with
regular partners/ year

𝑛𝑛𝑀𝑀15−49_𝐹𝐹𝐹𝐹𝐹𝐹

96 (48-144)

Kenya
References
Mombasa-Kampala
highway, 200740
Median number in
last 7 days x52
Nairobi, 201045
Estimate is
midpoint.
Nairobi, 201045
Point estimate not
deducible as
categorical data.

Estimate
(Low-High)

Zimbabwe

2.0 (0.74-4.0)

FSW at hotspots
along MombasaKampala highway,
200740
Estimate is
midpoint.
Imputed from
South Africa, due to
lack of data.

1 (1-1.2)

96 (48-144)

FSW: average condom
consistency with clients

𝛾𝛾𝑐𝑐_𝐹𝐹𝐹𝐹𝐹𝐹

0.773 (0.6260.92)

Paying clients, FSW
Nairobi, 201045
UNAIDS, 201731
Estimate is midpoint.

0.708 (0.4550.961)

FSW: average condom
consistency with regular
partners

𝛾𝛾𝑀𝑀15−49_𝐹𝐹𝐹𝐹𝐹𝐹

0.463 (0.3860.540)

Non-paying
partner, Mombasa,
200752

0.3375 (0.3330.342)

References

Estimate
(Low-High)

South Africa
References

Imputed from
South Africa, due to
lack of data.
Number of main
sexual partners per
6 months,
multiplied by 2.49
Imputed from
South Africa, due to
lack of data.
Number of sexual
encounters per
client.50
Imputed from
South Africa, due to
lack of data.

2.0 (0.74-4.0)

Number of main sexual
partners per 6 months,
multiplied by 2.49

1 (1-1.2)

Number of sexual
encounters per
client.50

96 (48-144)

% reporting full
adherence to
condom use51
2017 estimates29
Estimate is midpoint.
Survey, 201153
Estimate is midpoint.

0.764 (0.6090.902)

Mean monthly
frequency of sex acts in
main partnerships,
multiplied by 12.48
FSW Johannesburg,
South Africa, 2014.44

0.345 (0.1730.548)

FSW Johannesburg,
South Africa, with nonpaying partner, 2014.44
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Parameter

Symbol

Estimate
(Low-High)

FSW: probability at least 1
person in partnership has an
STI – with clients

𝑠𝑠𝑐𝑐_𝐹𝐹𝐹𝐹𝐹𝐹

0.011 (0.0040.021)

FSW: probability at least 1
person in partnership has an
STI – with regular partners

𝑠𝑠𝑀𝑀15−49_𝐹𝐹𝐹𝐹𝐹𝐹

0.011 (0.0040.021)

AGYW: number of male
partners 15-24 years/ year

𝐶𝐶𝑀𝑀15−24_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (0-4)

Kenya
References
Non-paying
partner, Nairobi,
201045
Estimate is midpoint.
Prevalence of
Neisseria
gonorrhoea, FSW
Nairobi, 201045

Estimate
(Low-High)

Zimbabwe
References

Estimate
(Low-High)

South Africa

0.019 (0.0050.034)

Prevalence of
Neisseria
gonorrhoea, 200554

0.21 (0.15-0.30)

Prevalence of
Neisseria
gonorrhoea, FSW
Nairobi, 201045

0.019 (0.0050.034)

Prevalence of
Neisseria
gonorrhoea, 200554

0.21 (0.15-0.30)

Estimated range,
Women 15-24,
201416, accounting
for the proportion
who have never
had sexual
intercourse and
mean lifetime
partners.
Point estimate not
deducible as
categorical data. A
wider parameter

(0-4)

Estimated range,
Women 15-24,
201515, accounting
for the proportion
who have never
had sexual
intercourse and
mean lifetime
partners.
Point estimate not
deducible as
categorical data. A
wider parameter

(0-4)

References

Low: Prevalence of
Chlamydia trachomatis
& Neisseria
gonorrhoea in Hillbrow
FSW.50
High: FSW STI
prevalence, Durban.30
Low: Prevalence of
Chlamydia trachomatis
& Neisseria
gonorrhoea in Hillbrow
FSW.50
High: FSW STI
prevalence, Durban.30
Estimated range,
Women 15-24, 201655,
accounting for the
proportion who have
never had sexual
intercourse and mean
lifetime partners.
Point estimate not
deducible as
categorical data. A
wider parameter range
was considered in the
fitting process (0-10).
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Parameter

Symbol

Estimate
(Low-High)

Kenya
References

AGYW: number of male
partners 25-34 years/ year

𝐶𝐶𝑀𝑀25−34_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (0-4)

AGYW: number of sex acts
male partners 15-24 years/
year

𝑛𝑛𝑀𝑀15−24_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 182 (156-208)

range was
considered in the
fitting process (010).
Estimated range,
Women 15-24,
201416, accounting
for the proportion
of age-discordant
relationship.
Point estimate not
deducible as
categorical data. A
wider parameter
range was
considered in the
fitting process (010).
Imputed based on
South Africa, due to
lack of data

AGYW: number of sex acts
male partners 24-34 years /
year

𝑛𝑛𝑀𝑀25−34_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 48 (36-60)

Imputed based on
South Africa, due to
lack of data

Estimate
(Low-High)

(0-4)

82 (156-208)

48 (36-60)

Zimbabwe
References
range was
considered in the
fitting process (010).
Estimated range,
Women 15-24,
201515, accounting
for the proportion
of age-discordant
relationship.
Point estimate not
deducible as
categorical data. A
wider parameter
range was
considered in the
fitting process (010).
Imputed based on
South Africa, due to
lack of data
Imputed based on
South Africa, due to
lack of data

Estimate
(Low-High)

South Africa
References

(0-4)

Estimated range,
Women 15-24, 201655,
accounting for the
proportion of agediscordant
relationships.
Point estimate not
deducible as
categorical data. A
wider parameter range
was considered in the
fitting process (0-10).

182 (156-208)

3-4 a week x 52, youth,
with regular partner,
200056 Estimate is midpoint.
3 sex acts a month,
youth, non-spousal
partner, 200056
5 sex acts a month x12,
married 18-20 year old,
average number sex
acts per short term
partner formation,
201657
Estimate is mid-point

48 (36-60)
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Parameter

Symbol

Estimate
(Low-High)
0.355 (0.110.60)

AGYW: average condom
consistency with male
partners 15-24 years

𝛾𝛾𝑀𝑀15−24_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

AGYW: average condom
consistency with male
partners 25-34 years

𝛾𝛾𝑀𝑀25−34_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 0.292 (0.110.474)

AGYW: probability at least 1
person in partnership has an
STI – with male partners 1524 years

𝑠𝑠𝑀𝑀15−24_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 0.018 (0.002 –
0.062)

AGYW: probability at least 1
person in partnership has an
STI – with male partners 2534 years

𝑠𝑠𝑀𝑀25−34_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 0.009 (0.001 0.032)

Kenya
References
Condom use at last
sexual encounter
with partner of
unknown status58
Condom use at last
sexual intercourse,
Women 15-24,
201416
Estimate is midpoint.

Condom use at last
sexual encounter
with partner of
unknown status58
Condom use at last
transactional sex,
Women 15-64
years, 201260
Estimate is midpoint.
Gonorrhoea
prevalence 15-24
year olds
(combined study
with Tanzania),
201062
Gonorrhoea
prevalence 25-49
year olds
(combined study

Estimate
(Low-High)
0.406 (0.2130.599)

Zimbabwe

0.299 (0.10.498)

0.018 (0.01 –
0.029)

0.025 (0.018 –
0.036)

References
% who had
intercourse in the
past 12 months
with a non-marital,
non-cohabiting
partner15
1-[Trial control
arm, did not use
condom at last sex,
females,18-22 year
olds59]
Estimate is midpoint.
Females aged <25,
males aged 25+,
200561
Never married
women, % who
used condom at
last sexual
intercourse15
Estimate is midpoint.
Gonorrhoea
prevalence 15-24
year olds, 200162

Gonorrhoea
prevalence 25-49
year olds, 200162

Estimate
(Low-High)
0.588 (0.498 0.677)

South Africa
References
0.498, 0.677. Females,
males. 15-24 years,
condom use at last sex,
2017. 7
Estimate is mid-point.

0.504 (0.4730.534)

0.473 females 15-24
years, condom use last
sex, those with more
than 1 partner in the
last year, 2017.7
Estimate is mid-point.

0.018 (0.008–
0.041)

Maximum of
prevalence of
gonorrhoea in 15-24
year old males and
females

0.05 (0.0220.04)

Gonorrhoea
prevalence 25-49 year
olds, 201062 (greater

314

Parameter

Symbol

Estimate
(Low-High)

Kenya
References
with Tanzania),
201062

Estimate
(Low-High)

Zimbabwe

Women 25-34 years: number
of male partners 25-34 years/
year

𝐶𝐶𝑀𝑀25−34_𝑊𝑊25−3 1.96 (0.92-3.0)

Lower bound as for
Zimbabwe
Estimated upper
bound, Women 2529, 30-39,
accounting for
mean lifetime
partners, 201416
Estimate is midpoint. A wider
parameter range
was considered in
the fitting process
(0-10).

1.96 (0.92-3.0)

Women 25-34 years: number
of sex acts male partners 2434 years / year

𝑛𝑛𝑀𝑀25−34_𝑊𝑊25−3 93 (54-132)

96 (60-132)

Women 25-34 years: average
condom consistency with
male partners 25-34 years

𝛾𝛾𝑀𝑀25−34_𝑊𝑊25−3 0.183 (0.0380.328)

Average number of
sex acts per partner
per year, before
intervention, 1998,
Kenya64
Upper bound
imputed from
South Africa due to
lack of data
Estimate is midpoint.
Women 15-64
years, Married/

0.295 (0.070.520)

References

Estimate
(Low-High)

South Africa
References
than 15-24 years
estimate above)

Total partnerships
in last 12 months
reported by adult
women, 200563
Estimated upper
bound, Women 2529, 30-39,
accounting for
mean lifetime
partners, 201515
Estimate is midpoint. A wider
parameter range
was considered in
the fitting process
(0-10).
Imputed from
South Africa due to
lack of data

2.02 (1.03–3.0)

Total partnerships in
last 12 months
reported by adult
women, 200663
Estimated upper
bound, Women 25-29
and 30-39, accounting
for mean lifetime
partners, 201655
Estimate is mid-point.
A wider parameter
range was considered
in the fitting process
(0-10).

96 (60-132)

Mean 5 sex acts a
month x 12, 18-40 year
old women, KwaZuluNatal, 201065
2.54 mean sex acts a
week x52, women,
200766
Estimate is mid-point.

Females ages 25+,
males aged 25+,
200561

0.344 (0.324–
0.366)

Condom use at last
sex, 25-49 years,
201267
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Parameter

Symbol

Estimate
(Low-High)

Women 25-34 years:
probability at least 1 person in
partnership has an STI – with
male partners 25-34 years

𝑠𝑠𝑀𝑀25−34_𝑊𝑊25−3 0.009 (0.001 0.032)

For model structural
sensitivity analysis:
Women 25-34 years: number
of male partners 35-49 years/
year
For model structural
sensitivity analysis:
Women 25-34 years: number
of sex acts male partners 3549 years / year
For model structural
sensitivity analysis:
Women 25-34 years: average
condom consistency with
male partners 35-49 years

𝐶𝐶𝑀𝑀35−49_𝑊𝑊25−3 50% of
𝐶𝐶𝑀𝑀35−49_𝑊𝑊35−49

Kenya
References
Coinhabiting,
201260
Women 15-64
years,
Casual/Other,
201260
Estimate is midpoint.

Gonorrhoea
prevalence 25-49
year olds
(combined study
with Tanzania),
201062
As below

Estimate
(Low-High)

Zimbabwe

0.025 (0.018 –
0.036)

References
Condom use during
last sexual
intercourse,
women reporting
2+ partners in last
12 months,
max(25-29 year
olds, 30-39 year
olds)15
Estimate is midpoint.
Gonorrhoea
prevalence 25-49
year olds, 200162

Estimate
(Low-High)

South Africa
References

0.05 (0.0220.04)

Gonorrhoea
prevalence 25-49 year
olds, 201062

50% of
As below
𝐶𝐶𝑀𝑀35−49_𝑊𝑊35−49

50% of
𝐶𝐶𝑀𝑀35−49_𝑊𝑊35−49

As below

𝑛𝑛𝑀𝑀35−49_𝑊𝑊25−3 𝑛𝑛𝑀𝑀35−49_𝑊𝑊35−49 As below

𝑛𝑛𝑀𝑀35−49_𝑊𝑊35−49 As below

𝑛𝑛𝑀𝑀35−49_𝑊𝑊35−49

As below

𝛾𝛾𝑀𝑀35−49_𝑊𝑊25−3 𝛾𝛾𝑀𝑀25−34_𝑊𝑊25−34 As above
(same
parameter
value as
𝛾𝛾𝑀𝑀35−49_𝑊𝑊35−49 )

𝛾𝛾𝑀𝑀25−34_𝑊𝑊25−34 As above
(minimum of
this and
parameter
value of
𝛾𝛾𝑀𝑀35−49_𝑊𝑊35−49 )

𝛾𝛾𝑀𝑀25−34_𝑊𝑊25−34
(same
parameter
value as
𝛾𝛾𝑀𝑀35−49_𝑊𝑊35−49 )

As above
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Parameter

Symbol

Estimate
(Low-High)

Kenya
References

Estimate
(Low-High)

Zimbabwe
References

Estimate
(Low-High)

South Africa
References

For model structural
sensitivity analysis:
Women 25-34 years:
probability at least 1 person in
partnership has an STI – with
male partners 35-49 years

𝑠𝑠𝑀𝑀35−49_𝑊𝑊25−3 𝑠𝑠𝑀𝑀25−34_𝑊𝑊25−34 As above
(same
parameter
value as
𝑠𝑠𝑀𝑀35−49_𝑊𝑊35−49
)

𝑠𝑠𝑀𝑀25−34_𝑊𝑊25−34 As above
(same
parameter
value as
𝑠𝑠𝑀𝑀35−49_𝑊𝑊35−49
)

𝑠𝑠𝑀𝑀25−34_𝑊𝑊25−34 (
same parameter
value as
𝑠𝑠𝑀𝑀35−49_𝑊𝑊35−49 )

As above

Women 35-49 years: number
of male partners 35-49 years/
year

𝐶𝐶𝑀𝑀35−49_𝑊𝑊35−4 1.96 (0.92-3.0)

Lower bound as for
Zimbabwe
Estimated upper
bound, Women 3039, 40-49,
accounting for
mean lifetime
partners, 201416
Estimate is midpoint. A wider
parameter range
was considered in
the fitting process
(0-10).

1.96 (0.92-3.0)

2.02 (1.03–3.0)

Total partnerships in
last 12 months
reported by adult
women, 200663
Estimated upper
bound, Women 30-39,
40-49, accounting for
mean lifetime
partners, 201655
Estimate is mid-point.
A wider parameter
range was considered
in the fitting process
(0-10).

Women 35-49 years: number
of sex acts male partners 3549 years / year

𝑛𝑛𝑀𝑀35−49_𝑊𝑊35−4 93 (54-132)

Average number of
sex acts per partner
per year, before
intervention, 1998,
Kenya64
Upper bound
imputed from

96 (60-132)

96 (60-132)

Mean 5 sex acts a
month x 12, 18-40 year
old women, KwaZuluNatal, 201065
2.54 mean sex acts a
week x52, women,
200766
Estimate is mid-point.

Total partnerships
in last 12 months
reported by adult
women, 200563 (no
data to calc 95% CI)
Estimated upper
bound for
maximum women
30-30, 40-49,
accounting for
mean lifetime
partners, 201515
Estimate is midpoint. A wider
parameter range
was considered in
the fitting process
(0-10).
Imputed from
South Africa due to
lack of data
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Parameter

Symbol

Estimate
(Low-High)

Women 35-49 years: average
condom consistency with
male partners 35-49 years

𝛾𝛾𝑀𝑀35−49_𝑊𝑊35−4 0.183 (0.0380.328)

Women 35-49 years:
probability at least 1 person in
partnership has an STI – with
male partners 35-49 years

𝑠𝑠𝑀𝑀35−49_𝑊𝑊35−4 0.009 (0.001 0.032)

Clients of FSW: proportion of
HIV+ individuals virally
supressed

𝜗𝜗𝑐𝑐

0.358 (0.32220.3938)

Kenya
References
South Africa due to
lack of data
Estimate is midpoint.
Women 15-64
years, Married/
Coinhabiting,
201260
Women 15-64
years,
Casual/Other,
201260
Estimate is midpoint.

Estimate
(Low-High)

Zimbabwe

0.354 (0.070.638)

Gonorrhoea
prevalence 25-49
year olds
(combined study
with Tanzania),
201062

0.025 (0.018 –
0.036)

All ages, not
disaggregated by
sex (only data
available), 201768.
Low and high
values not reliably
calculable
binomially, as

0.489 (0.44010.5379)

References

Estimate
(Low-High)

South Africa
References

Females ages 25+,
males aged 25+,
200561
Condom use during
last sexual
intercourse,
women reporting
2+ partners in last
12 months,
max(30-39year
olds, 40-49) year
olds15
Estimate is midpoint.
Gonorrhoea
prevalence 25-49
year olds, 200162

0.344 (0.324–
0.366)

Condom use at last
sex, 25-49 years,
201267

0.05 (0.0220.04)

Gonorrhoea
prevalence 25-49 year
olds, 201062

2016 estimates32.
Low and high
values not reliably
calculable
binomially, as
calculated based on
ART cascade with
unknown range at

0.508 (0.451 –
0.564)

Prevalence of viral load
suppression, 15-49
years, 2017.7
Estimate is mid-point
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Parameter

Symbol

Estimate
(Low-High)

Men in general population 1549 years: proportion of HIV+
individuals virally supressed

𝜗𝜗𝑀𝑀15−49

0.358 (0.32220.3938)

Men 15-24 years: proportion
of HIV+ individuals virally
supressed

𝜗𝜗𝑀𝑀15−24

0.358 (0.32220.3938)

Men 25-34 years: proportion
of HIV+ individuals virally
supressed

𝜗𝜗𝑀𝑀25−34

0.358 (0.32220.3938)

Kenya
References
calculated based on
ART cascade with
unknown range at
higher cascade
levels, so taking low
and high to be +/10% of point
estimate Same for
below viral
suppression data.
All ages, not
disaggregated by
sex (only data
available), 201768
All ages, not
disaggregated by
sex (only data
available), 201768

All ages, not
disaggregated by
sex (only data
available), 201768

Estimate
(Low-High)

Zimbabwe
References
higher cascade
levels, so taking low
and high to be +/10% of point
estimate
Same for below
viral suppression
data.

Estimate
(Low-High)

South Africa
References

0.489 (0.44010.5379)

2016 estimates32

0.508 (0.451 –
0.564)

Prevalence of viral load
suppression, 2017.7
Estimate is mid-point

0.401 (0.36090.4411)

2016 estimates32

0.491 (0.44190.5401)

0.365 (0.32850.4015)

2016 estimates32

0.415 (0.37350.4565)

Prevalence of viral load
suppression, 2017.7
Low and high values
not reliably calculable
binomially, as
calculated based on
ART cascade with
unknown range at
higher cascade levels,
so taking low and high
to be +/-10% of point
estimate.
Same for below viral
suppression data.
Prevalence of viral load
suppression, 2017.7
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Parameter
Men 35-49 years: proportion
of HIV+ individuals virally
supressed
Clients of FSW: proportion
circumcised

Symbol
𝜗𝜗𝑀𝑀35−49

Estimate
(Low-High)
0.358 (0.32220.3938)

𝜏𝜏𝑐𝑐

0.962 (0.96180.9621)

Men in general population 1549 years: proportion
circumcised

𝜏𝜏𝑀𝑀15−49

0.962 (0.96180.9621)

Men 15-24 years: proportion
circumcised

𝜏𝜏𝑀𝑀15−49

0.914 (0.91360.9144)

Men 25-34 years: proportion
circumcised

𝜏𝜏𝑀𝑀25−34

0.939 (0.9340.946)

Men 35-49 years: proportion
circumcised

𝜏𝜏𝑀𝑀35−49

0.931 (0.9190.94)

Kenya
References
All ages, not
disaggregated by
sex (only data
available), 201768
Males 15-49,
201416
95% CI estimated
assuming
binomially
distributed, based
on population size37
Males 15-49,
201416
95% CI estimated
assuming
binomially
distributed, based
on population size37
Males 15-24,
201416
95% CI estimated
assuming
binomially
distributed, based
on population size37
Males 25-29 and
Males 30-39,
201416
Estimate is
weighted average
Males 30-39 and
Males 40-49,
201416

Zimbabwe
Estimate
References
(Low-High)
0.562 (0.5058- 2016 estimates32
0.6182)

Estimate
(Low-High)
0.522 (0.46980.5742)

0.143 (0.14260.1434)

0.138 (0.1378-0.
1382)

15-64 years, 2017.7
95% CI estimated
assuming binomially
distributed, based on
population size39

0.143 (0.14260.1434)

Males 15-49,
201515
95% CI estimated
assuming
binomially
distributed, based
on population size38
Males 15-49,
201515

0.138 (0.13780.1382)

15-64 years, 2017.7
95% CI estimated
assuming binomially
distributed, based on
population size39

0.188 (0.18730.18878)

Males 15-24,
201515

0.702 (0.7014-0.
7026)

2017.7
95% CI estimated
assuming binomially
distributed, based on
population size39

0.107 (0.100.116)

Males 25-29 and
Males 30-39,
201515
Estimate is
weighted average
Males 30-39 and
Males 40-49,
201515

0.628 (0.6280-0.
6284)

2017.7
95% CI estimated
assuming binomially
distributed, based on
population size39
35-44 years, 2017.7
95% CI estimated
assuming binomially

0.111 (0.1040.116)

South Africa

0.626 (0.6255-0.
6265)

References
Prevalence of viral load
suppression, 35-44
years, 2017.7
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Parameter

PrEP parameters
FSW: average 12-month PrEP
program retention
FSW: average self-reported
adherence
FSW: HIV prevention-effective
PrEP adherence

Symbol

Estimate
(Low-High)

Kenya
References
Estimate is
weighted average

Estimate
(Low-High)

Zimbabwe

𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹

𝛼𝛼𝐹𝐹𝐹𝐹𝐹𝐹
𝜃𝜃𝐹𝐹𝐹𝐹𝐹𝐹

Risk reduction of 0.79–0.99
≥4 out 7 (≥ 57%) reported daily doses of PrEP a week
Risk reduction of 0.73–1.06
≥6 out 7 (≥ 86%) reported daily doses of PrEP a
week
For self-reported adherence of 70-85%, assume risk
reduction range spanning range of both risk reduction
estimates: 0.73-0.99

Transmission Probabilities
Per sex act probability of HIV
transmission from a
chronically infected female to
a male partner

𝛽𝛽𝑓𝑓

0.00085
(0.0006 0.0011)

Average reduction in
probability HIV transmission
on ART

𝜚𝜚

0.945 (0.9 –
0.99)

HIV risk-reduction efficacy of
condoms

𝜀𝜀

0.85 (0.8 - 0.9)

Per-act HIV-1
transmission
probability, male to
female5
Estimate is midpoint
Minimum and
maximum across
studies70
Estimate is midpoint
With consistent
use71 and with
consistent use72
Estimate is midpoint

References

Estimate
(Low-High)

South Africa
References
distributed, based on
population size39

22%

TAPS3

70-85%

TAPS3

Partners Demonstration Project prevention-effective adherence
analysis - females69

As stated
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Parameter

Symbol

Multiplicative increase in per
sex act probability of HIV
transmission in the presence
of an STI

𝛿𝛿

Average reduction in
probability of HIV
transmission to women, when
the male partner has been
circumcised

𝜎𝜎𝑓𝑓

Estimate
(Low-High)
4 (2-6)

0.1 (0–0.2)

Kenya
References
Combined study
effectiveness
estimate across
STDs, and range
spanning individual
STD combined
study effect
estimates73
Estimate is midpoint
Male circumcision;
estimates of HIV
infection in
women.74
Estimate is midpoint

Estimate
(Low-High)

Zimbabwe
References

Estimate
(Low-High)

South Africa
References

Table S2: Parameters and data sources used in the parameterisation and fitting of the models. Point estimates are stated first with lower and upper bounds used in the latin hypercube
fitting in brackets.
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Supplementary Results
Model calibration
The model fits to HIV incidence for each country and high-risk women population are shown in
Figures S1-3.

Figure S1: Model Fits to HIV Incidence Data for South Africa.
The model outcomes across the parameter ranges simulated through latin hypercube sampling are show in blue. The black
book-ended lines show the 95% confidence intervals around national HIV incidence estimates (HIV risk per year), and the
model outcomes that fit within this range are considered to be fits to data. The model outcomes and fitting ranges are
shown distinctly for the four high-risk women populations: female sex workers (FSW), adolescent girls and young women
aged 15-24 years (AGYW), women aged 25-34 years and women aged 35-49 years.
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Figure S2: Model Fits to HIV Incidence Data for Zimbabwe.
The model outcomes across the parameter ranges simulated through latin hypercube sampling are show in orange. The
black book-ended lines show the 95% confidence intervals around national HIV incidence estimates (HIV risk per year), and
the model outcomes that fit within this range are considered to be fits to data. The model outcomes and fitting ranges are
shown distinctly for the four high-risk women populations: female sex workers (FSW), adolescent girls and young women
aged 15-24 years (AGYW), women aged 25-34 years and women aged 35-49 years.
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Figure S3: Model Fits to HIV Incidence Data for Kenya.
The model outcomes across the parameter ranges simulated through latin hypercube sampling are show in green. The black
book-ended lines show the 95% confidence intervals around national HIV incidence estimates (HIV risk per year), and the
model outcomes that fit within this range are considered to be fits to data. The model outcomes and fitting ranges are
shown distinctly for the four high-risk women populations: female sex workers (FSW), adolescent girls and young women
aged 15-24 years (AGYW), women aged 25-34 years and women aged 35-49 years.
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Supplementary Results
Figure S4 illustrates the relative cost at which PrEP will be equally as cost-effective to scale-up in a
lower-risk group as it will be in a high-risk group, in the case that HIV prevalence in the higher-risk
women partner population is 20%. It is demonstrated in four scenarios: underlying HIV prevalence in
the lower-risk women’s partner population of 5%, 10%, 15% and 20%. This figure corresponds to
Figure 2 in the main text, which demonstrates that case that HIV prevalence in the higher-risk
women’s partner population is 40%.

Figure S4: Relative unit cost at which it is cost-effective to scale-up PrEP from a higher- to lower-risk women group. The
heatmaps show the relative unit cost at which it is cost-effective to scale-up PrEP from a higher- to a lower-risk group. The
relative unit cost at which PrEP is cost-effective is shown by the relative average condom use in the lower-risk group
compared to the higher-risk group (x-axis), and the relative number of sex acts a month for women in the lower-risk group
compared to the higher-risk group (y-axis). The unit cost of PrEP in the lower-risk group relative to the higher-risk group at
which PrEP is equally cost-effective between the two groups is shown by colour, according to the colour key on the righthand side of the graph. A colour within the yellow spectrum denotes that the relative unit cost of PrEP in the lower-risk
group relative to the higher-risk group has to be less than 1 for it to be equally as cost cost-effective. A colour within the
green spectrum denotes that the relative unit cost of PrEP in the lower-risk group relative to the higher-risk group will be
greater than 1 for it to be equally as cost cost-effective. The 4 heatmaps correspond respectively (left to right, top to
bottom) to underlying partner HIV prevalence of 5%, 10%, 15% and 20% in the lower-risk group’s partner population and all
of them corresponding to 20% HIV prevalence in the higher-risk women’s partner population. The heatmaps are calculated
using equation (S1.5) from the Supplementary Materials: Methods, assuming that women’s partners are drawn from a
single population each. The higher-risk group are assumed to have 12-month PrEP program retention levels of 22%3 and
adherence levels of 70-85% (corresponding to a risk reduction of 73-99%69). The PrEP program retention levels for the
lower-risk group were simulated between +/- 25% the retention of the higher-risk group.4 For those lower-risk women
retained in the PrEP program, it was assumed that PrEP adherence was the same as the higher-risk group.
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Comparison of the Maximum Unit Costs of PrEP in Lower-Risk Groups Relative to Unit Costs FSW to be Equally as Cost-Effective, with Estimates of
Current Relative Unit Costs
Country
South
Africa

Zimbabwe

Kenya

Unit Cost Relative to FSWs
Maximum Relative Unit Cost to be Cost-Effective
Estimated Current Relative Unit Cost
Difference (relative to FSW Unit Cost)
Difference (relative to own Unit Cost)
Maximum Relative Unit Cost to be Cost-Effective
Estimated Current Relative Unit Cost
Difference (relative to FSW Unit Cost)
Difference (relative to own Unit Cost)
Maximum Relative Unit Cost to be Cost-Effective
Estimated Current Relative Unit Cost
Difference (relative to FSW Unit Cost)
Difference (relative to own Unit Cost)

AGYW
23.3 % ( 13.3 % , 36.8 % )
79.6 % ( 72.4 % , 86.7 % )
-56.2 % ( -69.2 % , -40.4 % )
-70.8 % ( -83.4 % , -53.2 % )
7.1 % ( 2.7 % , 14.9 % )
75.6 % ( 70.8 % , 80.8 % )
-67.7 % ( -75.1 % , -60.1 % )
-90.4 % ( -96.5 % , -80.6 % )
8.1 % ( 3.9 % , 18.5 % )
90.3 % ( 86.2 % , 94.8 % )
-81.5 % ( -89 % , -71 % )
-91 % ( -95.7 % , -79.6 % )

High Risk Women Population
Women 25-34 years
16.2 % ( 9.1 % , 26 % )
68.7 % ( 62.7 % , 75.8 % )
-52.2 % ( -62.5 % , -41.4 % )
-76.2 % ( -87.0 % , -62.6 % )
17.7 % ( 7.1 % , 31.2 % )
63 % ( 58 % , 67.7 % )
-44.6 % ( -58.3 % , -31.1 % )
-71.8 % ( -88.9 % , -50.8 % )
9.1 % ( 3.6 % , 17.7 % )
74.9 % ( 71.1 % , 78.4 % )
-66 % ( -73.4 % , -57.5 % )
-88 % ( -95.3 % , -76.6 % )

Women 35-49 years
10.5 % ( 5.7 % , 18 % )
48.3 % ( 42.4 % , 54.7 % )
-37.6 % ( -45.8 % , -28.7 % )
-78.4 % ( -88.1 % , -61.8 % )
11 % ( 5.5 % , 17.2 % )
38.8 % ( 34.1 % , 42.7 % )
-28.1 % ( -35.3 % , -18.7 % )
-72 % ( -86.1 % , -53.6 % )
6.4 % ( 3.1 % , 11.6 % )
48.1 % ( 45.1 % , 51.6 % )
-41.7 % ( -46.4 % , -36.2 % )
-86.7 % ( -93.7 % , -75.4 % )

Table S3: Comparison of the Maximum Unit Costs of PrEP in Lower-Risk Groups Relative to Unit Costs FSW to be Equally as Cost-Effective, with Estimates of Current Relative Unit Costs.
The table shows the maximum relative unit costs of PrEP in AGYW, women 25-34 years and women 35-49 years relative to the unit costs of PrEP for FSW, for PrEP to be equally as costeffective (calculated using equation S1.5 in Supplementary Materials: Methods). It compares this to the estimated current relative unit costs between the populations, calculated using the data
set out in Table S2. The table shows the difference between these two estimates (relative to the FSW unit cost of PrEP). It also shows what this difference represents relative to the group’s (i.e.
AGYW, women 25-34 years or women 35-49 years) own unit cost, which is equivalent to the % the unit cost would have to drop for PrEP to be equally as cost-effective as for FSW. The
comparisons are shown separately for South Africa, Zimbabwe and Kenya. The values shown in the table outside the brackets are the median values, and the values shown in the brackets are
the 95% credible intervals (CrIs).
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Table S4 sets out the estimated number of infections that could be averted a year due to PrEP in
each high-risk women population group, in each country, for every $100,000 available for PrEP
programming, at the PrEP unit costs stated in Table S2. These data correspond to Figure 4 in the
main text.
For each $100k available for PrEP programming a year,
the number of HIV infections that could be averted due to PrEP
Country
South
Africa
Zimbabwe
Kenya

FSW
5.7 ( 3.8 , 8.8 )

High Risk Women Population
AGYW
Women 25-34 years
1.7 ( 1.1 , 2.4 )
1.3 ( 0.9 , 2 )

3.4 ( 2.9 , 4.1 )
1.5 ( 0.9 , 2.4 )

0.3 ( 0.1 , 0.7 )
0.1 ( 0.1 , 0.3 )

1 ( 0.4 , 1.8 )
0.2 ( 0.1 , 0.3 )

Women 35-49 years
1.2 ( 0.8 , 2 )
0.9 ( 0.5 , 1.6 )
0.2 ( 0.1 , 0.3 )

Table S4: Median and 95% credible intervals (95% CrIs) of the relative number of infections that could be averted a year
due to PrEP for each $100k available for PrEP programming.
The table shows the median (value outside the brackets) and 95% CrIs (inside the brackets) of the number of HIV infections
that could be averted a year due to PrEP, for each $100k available for PrEP programming, for FSW, AGYW, women 25-34
years or women 35-49 years. The relative number of infections that could be averted is calculated using equation S2.10
from Supplementary Materials and assumes that 12-month PrEP program retention in AGYW, women 25-34 years or
women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS
demonstration project.3 The unit costs of PrEP for each high-risk woman group are as stated in Table S2. AGYW is used as
shorthand for adolescent girls and young women 15-24 years.

In South Africa, $100,000 could avert a median 5.7 infections a year or 0.2% (95% CrI: 0.1%, 0.4%)
of the total infections a year due to PrEP in FSW; median 1.7 infections a year or <0.1% (95% CrI:
<0.1%, <0.1%) of the total infections a year in AGYW; mediaan 1.3 infections a year or <0.1% (95%
CrI: <0.1%, <0.1%) of total infections a year in women 25-34 years; and median 1.2 infections a year
or <0.1% (95% CrI: <0.1%, <0.1%) of total infections a year in women 35-49 years. This highlights,
that to maximise cost-effectiveness on an individual basis, PrEP would be scaled-up first in FSW, then
AGYW, then women 35-49 years, then women 25-34 years.
In Zimbabwe, $100,000 could avert a median 3.4 infections a year or 0.3% (95% CrI: 0.3%, 0.4%)
of the total infections a year due to PrEP in FSW; median 0.3 infections a year or <0.1% (95% CrI:
<0.1%, <0.1%) of the total infections a year in AGYW; median 1.0 infections a year or <0.1% (95% CrI:
<0.1%, <0.1%) of total infections a year in women 25-34 years; and median 0.9 infections a year or
<0.1% (95% CrI: <0.1%, <0.1%) of total infections a year in women 35-49 years. This highlights, that
to maximise cost-effectiveness on an individual basis, PrEP would be scaled-up first in FSW, then
women 25-34 years, then women 35-49 years, then AGYW.
In Kenya, $100,000 could avert a median 1.5 infections a year or <0.1% (95% CrI: <0.1%, 0.1%) of the
total infections a year due to PrEP in FSW; median 0.1 infections a year or <0.1% (95% CrI: <0.1%,
<0.1%) of the total infections a year in AGYW; median 0.2 infections a year or <0.1% (95% CrI: <0.1%,
<0.1%) of total infections a year in women 25-34 years; and median 0.2 infections a year or <0.1%
(95% CrI: <0.1%, <0.1%) of total infections a year in women 35-49 years. This highlights, that to
maximise cost-effectiveness on an individual basis, PrEP would be scaled-up first in FSW, then
women 25-34 years and women 35-49 years, and then AGYW.
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Figure S5 shows, the proportion of the total number of HIV infections that could be averted a year
for each $100k available for PrEP programming.. The corresponding data to the figure are set out in
Table S5 below.

Figure S5: Boxplot showing for each $100k available for PrEP programming, the proportion of the total number of HIV
infections that could be averted a year with these funds.
The boxplot shows for each $100k available for PrEP programming, the proportion of infections that could be averted a year
with these funds for each of HIV negative FSW, AGYW, women 25-34 years or women 35-49 years. The proportion of total
infections that could be averted a year are shown, grouped left to right, for FSW, AGYW, women 25-34 years and women
35-49 years. Within each age grouping, the results are show by country, left to right, for South Africa (in blue), Zimbabwe
(in orange) and Kenya (in blue). The proportion of total infections that could be averted a year are calculated using equation
S2.11 from Supplementary Materials and assumes that 12-month PrEP program retention in AGYW, women 25-34 years or
women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS
demonstration project.3 The abbreviations used in the graph are as follows: AGYW denotes adolescent girls and young
women 15-24 years, S Africa denotes South Africa and Zim denotes Zimbabwe.
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For each $100k available for PrEP programming,
the proportion of HIV infections that could be averted a year
Country
South
Africa
Zimbabwe
Kenya

FSW
0.2 % ( 0.1 % , 0.4 % )

High Risk Women Population
AGYW
Women 25-34 years
0%(0%,0%)
0%(0%,0%)

0.3 % ( 0.3 % , 0.4 % )
0 % ( 0 % , 0.1 % )

0%(0%,0%)
0%(0%,0%)

0%(0%,0%)
0%(0%,0%)

Women 35-49 years
0%(0%,0%)
0%(0%,0%)
0%(0%,0%)

Table S5: Median and 95% credible intervals (95% CrIs) of the proportion of the total number of HIV infections that could
be averted a year with each $100k available for PrEP programming.

Figure S6 sets out the number of HIV negative individuals in each high-risk woman population that
would need to be enrolled on PrEP to avert the same number of infections as 10% PrEP program
coverage in HIV negative FSW. The corresponding data to the figure are set out in Table S6.

Figure S6: Number of HIV negative women needed to be enrolled on PrEP to avert the same number of infections as
10% PrEP program coverage in HIV negative FSW.
The violin plot shows number of HIV negative AGYW, women 25-34 years or women 35-49 years in the population that
would have to be enrolled in a PrEP program in order to achieve the same number of infections averted over 12 months as
with 10% of the HIV negative FSW population enrolled in a PrEP program. As a comparison, the number of women
represented by 10% of HIV negative FSW is shown in the far left hand side block of the figure. The number of HIV negative
women needed to be enrolled on PrEP to avert the same number of infections as 10% PrEP program coverage in HIV
negative FSW is then grouped left to right, for AGYW, women 25-34 years or women 35-49 years. Within each age
grouping, the results are show by country, left to right, for South Africa (in blue), Zimbabwe (in orange) and Kenya (in blue).
In the violin plots, the white dots represent the median values, the thick black vertical lines represent the interquartile
range, the vertical length of the violin represents the range of values and the width of the violin represents the frequency
with which those values occur. Where two horizontal grey lines are shown instead of a violin, it indicates that the range of
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values is limited in variation. The number of HIV negative women needed to be enrolled on PrEP to avert the same number
of infections averted as 10% PrEP program coverage in HIV negative FSW is calculated using equation S2.7 from
Supplementary Materials and assumes that 12-month PrEP program retention in AGYW, women 25-34 years or women 3549 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS demonstration
project.3 The abbreviations used in the graph are as follows: AGYW denotes adolescent girls and young women 15-24 years,
S Africa denotes South Africa and Zim denotes Zimbabwe.

Number of HIV negative women needed to be enrolled on PrEP
to avert the same number of infections as 10% PrEP program coverage in HIV negative FSW

Country
South
Africa
Zimbabwe
Kenya

FSW
(comparator)
4359 (2774,
5914 )
1933 (1910,
1953)
9477 (9449,
9513)

High Risk Women Population
AGYW
Women 25-34 years

Women 35-49 years

18531 (9594, 37052 )

31798 (16411, 65199)

52240 (26287 , 111053)

27496 (12962, 72904)

14933 (8535, 37453)

36978 (23578, 73838)

116565 (51258,
246376)

151830 (78163,
380590)

274531 (149378,
567706)

Table S6: Median and 95% credible interval (CrIs) of the number of HIV negative women needed to be enrolled on PrEP to
avert the same number of infections as 10% PrEP program coverage in HIV negative FSW.
The table shows the median (value outside the brackets) and 95% CrIs (inside the brackets) of the number of HIV negative
AGYW, women 25-34 years or women 35-49 years in the population that would have to be enrolled in a PrEP program in
order to achieve the same number of infections averted over 12 months as with 10% of the HIV negative FSW population
enrolled in a PrEP program. As a comparison, the median and 95% CrIs of the numbers of women represented by 10% of HIV
negative FSW is shown in the far left column of the table. The median and 95% CrIs of the numbers of HIV negative women
needed to be enrolled on PrEP to avert the same number of infections as 10% PrEP program coverage in HIV negative FSW
is then grouped left to right in the 2nd to 4th columns of the table, for AGYW, women 25-34 years or women 35-49 years
respectively. Within each age grouping, the results are show by country, for South Africa, Zimbabwe and Kenya in rows 1 to
3 respectively. The number of HIV negative women needed to be enrolled on PrEP to avert the same number of infections
averted as 10% PrEP program coverage in HIV negative FSW is calculated using equation S2.7 from Supplementary
Materials and assumes that 12-month PrEP program retention in AGYW, women 25-34 years or women 35-49 years is
within +/-25% of retention levels for FSW, taken to be 22%, in line with the results of the TAPS demonstration project.3

Figure S7 shows PrEP program coverage in HIV negative individuals in each high-risk woman
population that would need to be enrolled on PrEP to avert the same number of infections as 10%
PrEP program coverage in HIV negative FSW. The corresponding data are shown in Table S7 below.
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Figure S7: Boxplot of the PrEP program coverage in HIV negative women needed to avert the same number of HIV
infections as 10% coverage in HIV negative FSW.
The boxplot shows the PrEP program coverage in HIV negative AGYW, women 25-34 years or women 35-49 years to avert
the same number of infections as 10% program coverage in HIV negative FSW. The PrEP program coverage levels are
shown, grouped left to right, for AGYW, women 25-34 years or women 35-49 years. Within each age grouping, the results
are show by country, left to right, for South Africa (in blue), Zimbabwe (in orange) and Kenya (in blue). The coverage levels
are calculated using equation S2.7 from Supplementary Materials and assumes that 12-month PrEP program retention in
AGYW, women 25-34 years or women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with
the results of the TAPS demonstration project.3 The abbreviations used in the graph are as follows: AGYW denotes
adolescent girls and young women 15-24 years, S Africa denotes South Africa and Zim denotes Zimbabwe.

PrEP program coverage in HIV negative women to avert the same number of infections
as 10% coverage in HIV negative FSW
Country
South Africa
Zimbabwe
Kenya

AGYW
0.4 % ( 0.2 % , 0.8 % )
2.2 % ( 1.1 % , 5.9 % )
2.9 % ( 1.3 % , 6.3 % )

High Risk Women Population
Women 25-34
Women 35-49 years
0.7 % ( 0.4 % , 1.4 % )
1.2 % ( 0.6 % , 2.5 % )
1.2 % ( 0.7 % , 3.1 % )
3 % ( 1.9 % , 6 % )
3.8 % ( 2 % , 9.7 % )
6.9 % ( 3.8 % , 14.4 % )

Table S7: Median and 95% credible intervals (95% CrIs) of the PrEP program coverage in HIV negative women to avert
the same number of infections as with 10% PrEP program coverage in HIV negative FSW.
The table shows the median (value outside the brackets) and 95% CrIs (inside the brackets) of the PrEP program coverage in
AGYW, women 25-34 years or women 35-49 years to achieve the same number of infections a year as 10% PrEP program
coverage in HIV negative FSW. The PrEP program coverage is calculated using equation S2.7 from Supplementary Materials
and assumes that 12-month PrEP program retention in AGYW, women 25-34 years or women 35-49 years is within +/-25%
of retention levels for FSW, taken to be 22%, in line with the results of the TAPS demonstration project.3 AGYW is used as
shorthand for adolescent girls and young women 15-24 years.
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Table S8 shows the relative number of infections that could be averted a year with PrEP at equal
coverage levels in AGYW, women 25-34 years and women 35-49 years as in FSW. These data
correspond to Figure 5 in the main text.

Relative number of infections that could be averted a year on PrEP
with equal program coverage as in FSW
Country
South Africa
Zimbabwe
Kenya

AGYW
24 ( 12 , 45 )
4(2,9)
3(2,8)

High Risk Women Population
Women 25-34 years
Women 35-49 years
14 ( 7 , 27 )
8 ( 4 , 17 )
8 ( 3 , 14 )
3(2,5)
3(1,5)
1(1,3)

Table S8: Median and 95% credible intervals (95% CrIs) of the relative number of infections that could be averted a year
on PrEP with equal program coverage as in FSW.
The table shows the median (value outside the brackets) and 95% CrIs (inside the brackets) of the relative number of
infections that could be averted a year on PrEP in AGYW, women 25-34 years or women 35-49 years relative to the number
that could be averted in FSW with equal PrEP program coverage. The relative number of infections that could be averted is
calculated using equation S2.9 from Supplementary Materials and assumes that 12-month PrEP program retention in
AGYW, women 25-34 years or women 35-49 years is within +/-25% of retention levels for FSW, taken to be 22%, in line with
the results of the TAPS demonstration project.3 AGYW is used as shorthand for adolescent girls and young women 15-24
years.

Sensitivity analysis
25% less PrEP-adherence-related HIV risk reduction across all women groups
Table S9 shows the percentage change in the maximum unit cost at which PrEP will be equally costeffective in other high-risk women groups (AGYW, women 25-34 years and women 35-49 years) as in
FSW, if 25% less PrEP-adherence-related HIV risk reduction were assumed across all women groups.
These results are a comparison of the results set out in Table S3 (top row for each country) with
what the results would be if the same analysis were repeated with 25% less PrEP-adherence-related
HIV risk reduction across all women groups.

Country
South Africa
Zimbabwe
Kenya

% Change in Maximum Unit Cost at which PrEP is equally as Cost-Effective as for FSW,
with 25% reduced HIV risk-reduction across all Groups
High Risk Women Population
AGYW
Women 25-34
Women 35-49 years
0.001% (0.000%, 0.003%)
-0.002% (-0.002%, 0.000%)
0.000% (-0.002%, 0.000%)
0.001% (-0.002%, 0.002%) -0.002% (-0.001%, 0.001%)
-0.001% (-0.002%, -0.001%)
0.000% (0.000%, 0.001%)
0.001% (0.000%, 0.002%)
0.000% (0.000%, 0.000%)

Table S9: Percentage change in the maximum unit cost at which PrEP will be equally cost-effective in other high-risk
women groups (AGYW, women 25-34 years and women 35-49 years) as in FSW, if 25% less PrEP-adherence-related HIV
risk reduction were assumed across all women groups.
The table shows the percentage change in the maximum relative unit costs of PrEP in AGYW, women 25-34 years and
women 35-49 years relative to the unit costs of PrEP for FSW, for PrEP to be equally as cost-effective (calculated using
equation S1.5 in Supplementary Materials: Methods), if the PrEP-adherence-associated HIV risk reduction were reduced by
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25% compared to the baseline analysis presented in Table S3 (top row for each country). The comparisons are shown
separately for South Africa, Zimbabwe and Kenya. AGYW is used as shorthand for adolescent girls and young women 15-24
years. The values shown in the table outside the brackets are the median values, and the values shown in the brackets are
the 95% credible intervals (CrIs). All values are shown rounded to the nearest 3 decimal places.

Table S10 sets out the percentage change in the in the relative number of infections averted a year
on PrEP with equal coverage as with FSW, if 25% less PrEP-adherence-related HIV risk reduction
were assumed across all women groups. These results are a comparison of the results set out in
Table S8 with what the results would be if the same analysis were repeated with 25% less PrEPadherence-related HIV risk reduction across all women groups.
% Change in Relative Number of Infections Averted a Year on PrEP with equal coverage as
with FSW,
with 25% reduced PrEP-adherence-related HIV-risk reduction across Groups
Country
South
Africa
Zimbabwe
Kenya

AGYW
0.000 % (-0.001% , 0.000 % )
0.000% (-0.001 % , 0.002 %)
0.000% (0.000% , 0.001 %)

High Risk Women Population
Women 25-34 years
-0.001 % ( -0.001% , -0.001%)
-0.002% (-0.001 % , 0.001%)
0.001% (0.000% , 0.002%)

Women 35-49 years
-0.001 % ( -0.001 % , 0.000 % )
-0.001% (-0.002 % , -0.001 %)
0.000% (0.000 % , 0.000 %)

Table S10: Percentage change in the relative number of infections averted a year on PrEP with equal coverage as with
FSW, with 25% reduced PrEP-adherence-related HIV-risk reduction across groups.

The table shows the median (value outside the brackets) and 95% CrIs (inside the brackets) of the percentage
change in the relative number of infections that could be averted a year on PrEP in AGYW, women 25-34 years
or women 35-49 years relative to the number that could be averted in FSW with equal PrEP program coverage,
if the PrEP-adherence-associated HIV risk reduction were reduced by 25% compared to the baseline analysis
presented in Table S8. For the underlying analyses, the relative number of infections that could be averted is
calculated using equation S2.9 from Supplementary Materials. AGYW is used as shorthand for adolescent girls
and young women 15-24 years. All values are shown rounded to the nearest 3 decimal places.

25% less PrEP-adherence-related HIV risk reduction across all non-FSW women groups
Table S11 sets out the percentage change in the maximum unit cost at which PrEP will be equally
cost-effective in other high-risk women groups (AGYW, women 25-34 years and women 35-49 years)
as in FSW, if 25% less PrEP-adherence-related HIV risk reduction were assumed across all non-FSW
women groups (i.e. AGYW, women 25-34 years and women 35-49 years). These results are a
comparison of the results set out in Table S3 (top row for each country) with what the results would
be if the same analysis were repeated with 25% less PrEP-adherence-related HIV risk reduction
across all non-FSW women groups.
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Country
South Africa
Zimbabwe
Kenya

% Change in Maximum Unit Cost at which PrEP is equally as Cost-Effective as for FSW,
with 25% reduced HIV risk-reduction across all non-FSW women groups
High Risk Women Population
AGYW
Women 25-34
Women 35-49 years
0.253 % (0.252 %, 0.252 %) 0.253 % (0.252 %, 0.252% )
0.252 % (0.251%, 0.251%)
0.254 % (0.253 %, 0.253 %)
0.253 % (0.253% ,0.254%)
0.252 % (0.252%,0.252%)
0.258 % (0.260 %, 0.256 %)
0.257 % (0.257%,0.258%)
0.256 % (0.255%,0.258%)

Table S11: Percentage change in the maximum unit cost at which PrEP will be equally cost-effective in other high-risk
women groups (AGYW, women 25-34 years and women 35-49 years) as in FSW, if 25% less PrEP-adherence-related HIV
risk reduction were assumed across all non-FSW women groups (i.e. AGYW, women 25-34 years and women 35-49
years).
The table shows the percentage change in the maximum relative unit costs of PrEP in AGYW, women 25-34 years and
women 35-49 years relative to the unit costs of PrEP for FSW, for PrEP to be equally as cost-effective (calculated using
equation S1.5 in Supplementary Materials: Methods), if the PrEP-adherence-associated HIV risk reduction were reduced by
25% for all non-FSW women groups compared to the baseline analysis presented in Table S3 (top row for each country). The
comparisons are shown separately for South Africa, Zimbabwe and Kenya. AGYW is used as shorthand for adolescent girls
and young women 15-24 years. The values shown in the table outside the brackets are the median values, and the values
shown in the brackets are the 95% credible intervals (CrIs). All values are shown rounded to the nearest 3 decimal places.

Table S12 sets out the percentage change in the in the relative number of infections averted a year
on PrEP with equal coverage as with FSW, if 25% less PrEP-adherence-related HIV risk reduction
were assumed across all non-FSW women groups (i.e. AGYW, women 25-34 years and women 35-49
years). These results are a comparison of the results set out in Table S8 with what the results would
be if the same analysis were repeated with 25% less PrEP-adherence-related HIV risk reduction
across all non-FSW women groups.

Country
South
Africa
Zimbabwe
Kenya

% Change in Relative Number of Infections Averted a Year on PrEP with equal coverage as
with FSW,
with 25% reduced PrEP-adherence-related HIV-risk reduction across all non-FSW women
groups
High Risk Women Population
AGYW
Women 25-34 years
Women 35-49 years
0.252 % ( 0.250 % , 0.252 % )
0.253 % ( 0.254 % , 0.254 % )
0.257 % ( 0.260 % , 0.256 % )

0.251 % ( 0.252 % , 0.252 % )
0.253 % ( 0.253 % , 0.254 % )
0.26 % ( 0.257 % , 0.258 % )

0.252 % ( 0.251 % , 0.251 % )
0.252 % ( 0.252 % , 0.253 % )
0.256 % ( 0.255 % , 0.258 % )

Table S12: Percentage change in the relative number of infections averted a year on PrEP with equal coverage as with
FSW, with 25% reduced PrEP-adherence-related HIV-risk reduction across all non-FSW women groups (i.e. AGYW,
women 25-34 years and women 35-49 years).
The table shows the median (value outside the brackets) and 95% CrIs (inside the brackets) of the percentage change in the
relative number of infections that could be averted a year on PrEP in AGYW, women 25-34 years or women 35-49 years
relative to the number that could be averted in FSW with equal PrEP program coverage, if the PrEP-adherence-associated
HIV risk reduction were reduced by 25% for all non-FSW women groups compared to the baseline analysis presented in
Table S8. For the underlying analyses, the relative number of infections that could be averted is calculated using equation
S2.9 from Supplementary Materials. AGYW is used as shorthand for adolescent girls and young women 15-24 years. All
values are shown rounded to the nearest 3 decimal places.
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Structural sensitivity analysis: women 25-34 years have partners from males 35-49 years, in addition
to 25-34 years
Table S13 sets out the percentage change in the maximum unit cost at which PrEP will be equally
cost-effective in other high-risk women groups (AGYW, women 25-34 years and women 35-49 years)
as in FSW, under the structural sensitivity analysis exploring the case that women 25-34 years draw
partners from males 35-49 years, in addition to 25-34 years. These results are a comparison of the
results set out in Table S3 (top row for each country) with what the results would be if the same
analysis were repeated with women 25-34 years drawing partners from males 35-49 years, in
addition to 25-34 years (assumed to be the only partner population, in Table S3). Whilst the
structural sensitivity analysis directly affects the model outcomes for women 25-34 years, it also
indirectly affects the mean and 95% CrI outcomes for FSW, AGYW and women 35-49 year through
changes to the number of underlying fitted parameter sets across all women groups.

Country
South
Africa
Zimbabwe
Kenya

% Change in Maximum Unit Cost at which PrEP is equally as Cost-Effective as for FSW,
with women 25-34 years having partners drawn from 2 populations
High Risk Women Population
AGYW
Women 25-34
Women 35-49 years
-0.017 % (-0.063%, 0.017%)
0.003% (0.015%, 0.018%)
0.020% (-0.004%, 0.000%)

-0.091% (-0.157%, -0.089%)
-0.299% (-0.476%, -0.081%)
-0.205% (-0.596%, 0.023%)

0.016% (-0.009%, 0.060%)
0.075% (-0.015%, 0.128%)
0.038% (0.030%, 0.059%)

Table S13: Percentage change in the maximum unit cost at which PrEP will be equally cost-effective in other high-risk
women groups (AGYW, women 25-34 years and women 35-49 years) as in FSW, under the structural sensitivity analysis
exploring the case that women 25-34 years draw partners from males 35-49 years, in addition to 25-34 years.
The table shows the percentage change in the maximum relative unit costs of PrEP in AGYW, women 25-34 years and
women 35-49 years relative to the unit costs of PrEP for FSW, for PrEP to be equally as cost-effective (calculated using
equation S1.5 in Supplementary Materials: Methods), if women 25-34 years are assumed to draw partners from males 3549 years, in addition to 25-34 years, compared to the baseline analysis presented in Table S3 (top row for each country). The
comparisons are shown separately for South Africa, Zimbabwe and Kenya. AGYW is used as shorthand for adolescent girls
and young women 15-24 years. The values shown in the table outside the brackets are the median values, and the values
shown in the brackets are the 95% credible intervals (CrIs). All values are shown rounded to the nearest 3 decimal places.

Table S14 sets out the percentage change in the in the relative number of infections averted a year
on PrEP with equal coverage as with FSW, if women 25-34 years are assumed to draw partners from
males 35-49 years, in addition to 25-34 years. These results are a comparison of the results set out in
Table S8 with what the results would be if the same analysis were repeated with women 25-34 years
drawing partners from males 35-49 years, in addition to 25-34 years (assumed to be the only partner
population, in Table S8). Whilst the structural sensitivity analysis directly affects the model outcomes
for women 25-34 years, it also indirectly affects the mean and 95% CrI outcomes for FSW, AGYW and
women 35-49 year through changes to the number of underlying fitted parameter sets across all
women groups.
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Country
South
Africa
Zimbabwe
Kenya

% Change in Relative Number of Infections Averted a Year on PrEP with equal coverage as
with FSW,
with women 25-34 years having partners drawn from 2 populations
High Risk Women Population
AGYW
Women 25-34 years
Women 35-49 years
0.044 % (-0.091 %, -0.03 %)
0.001 % (0.008 %, 0.015 %)
0.023 % (-0.004 %, -0.002 %)

-0.024 % (-0.176 % , -0.12 %)
-0.297 % (-0.483 %, -0.087 %)
-0.223 % (-0.593 %, 0.023 %)

0.039 % (-0.054 %, 0.061 %)
0.064 % (-0.018 %, 0.125 %)
0.048 % (0.042 % , 0.074 %)

Table S14: Percentage change in the relative number of infections averted a year on PrEP with equal coverage as with
FSW, under the structural sensitivity analysis exploring the case that women 25-34 years draw partners from males 3549 years, in addition to 25-34 years.
The table shows the median (value outside the brackets) and 95% CrIs (inside the brackets) of the percentage change in the
relative number of infections that could be averted a year on PrEP in AGYW, women 25-34 years or women 35-49 years
relative to the number that could be averted in FSW with equal PrEP program coverage, if women 25-34 years are assumed
to draw partners from males 35-49 years, in addition to 25-34 years, compared to the baseline analysis presented in Table
S8. For the underlying analyses, the relative number of infections that could be averted is calculated using equation S2.9
from Supplementary Materials. AGYW is used as shorthand for adolescent girls and young women 15-24 years. All values
are shown rounded to the nearest 3 decimal places.
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Pre-exposure prophylaxis (PrEP) for HIV prevention is recommended by the WHO as part of a
comprehensive HIV prevention package for those at substantial risk of HIV infection[1]. PrEP is
effective at preventing HIV acquisition, demonstrated by high efficacy in placebo-controlled trials and
demonstration projects, and increased PrEP coverage is associated with substantial decreases in
population-level HIV incidence among men who have sex with men (MSM) in high-income settings[24]. Although PrEP is effective in preventing HIV infection, reduced condom use or other increases in
sexual risk taking risk may increase STI transmission, especially in populations with low PrEP
adherence, an increase in STIs may play an important role in affecting HIV transmission dynamics.
Before PrEP was widely available, some urged caution in recommending it because of the potential
for risk compensation. As cyclists ride faster when made to wear helmets[5], so might PrEP users
increase condomless sex or sexual partners, increasing the risk of other sexually transmitted
infections (STIs)[6, 7]. As defined elsewhere[1], risk compensation refers to an increase in riskrelated behaviours, because an intervention reduces perceptions of risk among individuals or a
population.
Self-reported condom use and STIs did not change in placebo-controlled PrEP studies[3, 8]. However,
in some open-label studies where users knew they were taking highly effective PrEP, PrEP use was
associated with increases in condomless sex and, most importantly, STIs[9]. One observational study
showed evidence of community-level risk compensation, where MSM not using PrEP also reduced
condom use as PrEP coverage increased[10]. Importantly, six presentations at the 22nd International
AIDS Conference in Amsterdam (Table 1) provide further evidence of risk compensation.
HIV prevention is at a crossroads. The potential effects of increasing STI incidence must be understood
alongside the HIV benefits of PrEP, especially with suboptimal adherence or antibiotic-resistant STIs.
We make an urgent call for more evidence on the potential effect of individual and community-level
risk compensation on HIV and STI transmission among all groups where PrEP is available, alongside
proportionate and context-specific programming and communication to mitigate risk compensation.
First, we do not understand how PrEP will affect epidemic dynamics well enough to make informed
trade-offs between disease burdens from HIV and STIs. Models have not always predicted HIV
epidemics accurately to-date[11], and more data are needed to fully understand the long-term impact
of PrEP in a variety of real-world settings, in order to improve incorrect assumptions which reduce
modeller and policymaker confidence in their projections. Yet modelling is an important component
of the health technology appraisal process, and will be critical to understand how PrEP’s impact is
affected by risk compensation and resulting changes in STI dynamics[12]. There are currently few
behavioural data to parameterise PrEP models, for example risk compensation may cluster among
344

people with different risk factors (e.g. multiple partners or seroconcordance) which are not accurately
reflected in sexual mixing assumptions. PrEP guidelines also require regular STI testing which could
increase early diagnosis and treatment, potentially counteracting or even surpassing the effect of any
increases in risky sexual behaviour.
Second, the majority of evidence on risk compensation exists among MSM groups in high-income
countries. Yet PrEP is now a key part of HIV prevention programmes among other high-risk groups,
for example adolescent girls and young women in sub-Saharan Africa. We have little evidence on risk
compensation or PrEP adherence among these groups. The burden of STI acquisition is also much
higher among women of reproductive age, where chlamydia and gonorrhoea can cause a range of
reproductive morbidity and display increasing antibiotic resistance. Therefore, the generalisability of
risk compensation evidence and its implications outside high-income MSM groups is very limited.
Third, more evidence is needed on the effect of community-level risk compensation; in particular
sexual behaviours among non-PrEP users in the context of PrEP availability, and early treatment for
people living with HIV (PLHIV). Risk compensation is unlikely to undermine the HIV prevention benefits
of PrEP among adherent PrEP users. However, small behavioural changes among non-users may
reduce PrEP’s overall epidemiological benefit. To model this, it is important to quantify the extent to
which PLHIV are likely to have undetectable viral loads and/or STIs, particularly in low and middleincome countries where data is scarce.
Fourth, more research is needed on how users understand PrEP as a complement or substitute for
alternate prevention strategies. Although guidelines recommend that PrEP users be counselled to
use condoms, these are inconsistent since eligibility criteria for PrEP include reporting inconsistent
condom use. Different, effective alternatives may therefore be needed to prevent STIs alongside
PrEP, as condoms may be hard to promote among people who are primarily concerned with HIV
prevention. The extent to which PrEP is used as a substitute to condoms, is likely to vary between
populations and contexts. It is critical that we understand behavioural and structural approaches
that support the provision of combination prevention services and tailored prevention packages.
Finally, where intermittent PrEP is provided, evidence is needed to understand behaviours before,
during, and between episodes of use. Since intermittent PrEP regimens depend partly on user risk
perception, it is important to understand how the choice to use PrEP is made, and how time on PrEP
impacts risk behaviours during and potentially after PrEP use. Importantly, risk perceptions are rarely
measured but inferred from behaviour change without knowing why behaviours changed – more work
on measuring risk changing risk perceptions is needed.
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PrEP has an important role in HIV prevention, and uncertainty in its effect on risk compensation and
STI incidence should not prevent provision to those at high risk. Nonetheless, in order to support
effective PrEP programming, researchers and practitioners need reliable and robust behavioural
evidence from all populations to evaluate its true risks and benefits in order to evaluate its true risks
and benefits.
Declaration of interest statement: No interests to declare
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Authors

Title

Rendina et al.

Changes in rectal STI incidence
and behavioral HIV risk before,
http://programme.aids2018.org/ during, and after PrEP in a
national sample of gay and
Abstract/Abstract/8121
bisexual men in the United
States

De Wit et al.

Study
Population,
Location

Evidence type

MSM,
multiple
sites,

Behavioural
indicators,

United
States of
America

Attitudes regarding HIV, PrEP
and condom use jointly
http://programme.aids2018.org/ predict risk compensation
among men who have sex
Abstract/Abstract/10801
with men - findings from the
VicPrEP implementation
project, Melbourne

MSM,

Traeger et al.

MSM,
Melbourne,
Australia

Changes, patterns and
predictors of sexually
http://programme.aids2018.org/ transmitted infections in gay
and bisexual men using PrEP;
Abstract/Abstract/3905
interim analysis from the
PrEPX demonstration study

Melbourne,
Australia

Findings related to risk compensation

•

No change in odds of rectal STI during PrEP use
or after discontinuation compared to before
uptake

•

Compared to before PrEP use:

STI incidence

Behavioural
indicators

Behavioural
indicators,
STI incidence

o

156% increase in condomless anal sex with
casual partners

o

410% increase in receptive condomless anal
sex with serodiscordant male partners while
on PrEP, but average of <1 act per person

•

Frequency of condom use for anal sex with
causal partners decreased significantly over one
year follow up

•

Median condom protected acts in last three
months reduced from 3 to 2

•

STI incidence (chlamydia, gonorrhea, syphilis,
and rectal pharyngeal or urethral infections)
increased after PrEP use compared to before
(IRR: 1.42 95%CI: 1.29-1.56)
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Molina et al.

Incidence of HIV-infection in
the ANRS Prevenir Study in the
http://programme.aids2018.org/ Paris Region with Daily or On
Demand PrEP with TDF/FTC
Abstract/Abstract/13278

MSM,

Prestage et al.

MSM,
multiple
sites,
Australia

A longitudinal analysis of the
impact of PrEP on sexual
http://programme.aids2018.org/ behaviour and drug use
among Australian gay and
Abstract/Abstract/8042
bisexual men

Morris et al.

High HIV PrEP adherence is
associated with syphilis
http://programme.aids2018.org/ incidence
Abstract/Abstract/11478

Paris,
France

MSM,
California,
United
States of
America

Behavioural
indicators

Behavioural
indicators

•

•

•

Indicative (not statistically tested) evidence of
behavioural risk compensation (condomless sex
at last intercourse, number of condomless acts in
previous 4 weeks)

Among PrEP users significant increase in:
o

Condomless anal sex (78% increase)

o

number of partners in previous six
months (100% increase)

o

Proportion reporting group sex (96%
increase)

The incidence rate of syphilis was over 3 times
higher among those highly adherent (≥1246
fmol/punch, consistent with 7 doses per week
or near perfect dosing) to TFV-DP at week 12
and week 48, compared to those not highly
adherent at week 12 and 48

Table 1: Studies presented at AIDS 2018 Amsterdam containing evidence on risk compensation
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